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PREFACE

This report summarizes the work performed under the contract NAS3-97190 during the FY98-99
funding period. The objective of this two-year project was to develop and deliver to the NASA-Glenn

Research Center a two-dimensional higher-order theory, and related computer codes, for the analysis and
design of cylindrical functionally graded materials/structural components for use in advanced aircraft
engines (e.g., combustor linings, rotor disks, heat shields, blisk blades). To satisfy this objective, two-
dimensional version of the higher-order theory, HOTCFGM-2D, and four computer codes based on this

theory, for the analysis and design of structural components functionally graded in the radial and circum-
ferential directions were developed in the cylindrical coordinate system r-0-z. This version of the

higher-order theory is a significant generalization of the one-dimensional theory, HOTCFGM-1D,
developed during the FY97 funding period under the contract NAS3-96052 for the analysis and design of

cylindrical structural components with radially graded microstructures. The generalized theory is applica-
ble to thin multi-phased composite shells/cylinders subjected to steady-state thermomechanical, transient
thermal and inertial loading applied uniformly along the axial direction such that the overall deformation

is characterized by a constant average axial strain. The reinforcement phases are uniformly distributed in

the axial direction, and arbitrarily distributed in the radial and circumferential direction, thereby allowing
functional grading of the internal reinforcement in the r-0 plane.

The four computer codes fgmc3dq.cylindricaLf, fgmp3dq.cylindrical.f, fgmgvips3dq.cylindrical.f,
and fgrac3dq.cylindrical.transient.f are research-oriented codes for investigating the effect of functionally

graded architectures, as well as the properties of the multi-phase reinforcement, in thin shells subjected to
thermomechanical and inertial loading, on the internal temperature, stress and (inelastic) strain fields. The

reinforcement distribution in the radial and circumferential directions is specified by the user. The ther-
mal and inelastic properties of the individual phases can vary with temperature. The inelastic phases are
presently modeled by the power-law creep model generalized to multi-directional loading (within

fgmc3dq.cylindrical.f and fgrac3dq.cylindrical.transient.f for steady-state and transient thermal loading,

respectively), and incremental plasticity and GVIPS unified viscoplasticity theories (within the steady-
state loading versionsfgmp3dq.cylindrical.fandfgmgvips3dq.cylindrical.f).

Notice: The four computer codes fgmc3dq.cylindrical.f, fgmp3dq.cylindrical.f, fgmgvips3dq.cylindrical.f,

and fgmc3dq.cylindrical.transient.f are being delivered to the NASA-Glenn Research Center strictly as
research tools. The authors of the codes do not assume liability for application of the codes beyond
research needs. Any questions or related items concerning these computer codes can be directed to either

Professor Marek-Jerzy Pindera at the Civil Engineering & Applied Mechanics Department, University of
Virginia, Charlottesville, VA 22903 (Tel: 804-924-1040, e-mail: marek@virginia.edu), or Professor
Jacob Aboudi at the Department of Solid Mechanics, Materials & Structures, Faculty of Engineering,
Tel-Aviv University, Ramat Aviv, Tel-Aviv69978, Israel (Tel: 972-3-640-8131, e-mail:

aboudi@eng.tan.ac.il).
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1.0 INTRODUCTION

This final report summarizes the work funded under the contract NAS3-97190 during the FY98-99

funding period. The objective of this two-year project was to develop and deliver to the NASA-Glenn

Research Center a two-dimensional higher-order theory, and related computer codes, for the analysis and

design of cylindrical functionally graded materials/structural components for use in advanced aircraft

engines. This significant generalization of the one-dimensional theory developed during the F97 funding

period allows the analysis and design of a wider class of aircraft engine structural components under more

complex thermomechanical loading conditions than the axisymmetric loading capability of the one-

dimensional theory [1] (e.g., combustor linings, rotor disks and shafts, heat shields, blisk blades subjected

to combined steady-state thermomechanical and transient thermal and inertial loading). The theory and

the related computer codes enable the designer to enhance the performance of aircraft engine structural

components through the use of functionally graded architectures/microstructures. The analytical approach

employed in the theory's construction explicitly couples microstructural and macrostructural effects in

cylindrical bodies of revolution wherein the reinforcement phase or phases are spatially varied to improve

thermo-mechanical performance (deformation, thermal fatigue resistance and life). It was shown previ-

ously that functionally graded structural components cannot be analyzed accurately using the standard

micromechanics approach based on the representative volume concept coupled with macrostructural

analysis in a noninteractive manner [2,3,4]. Such coupling is explicitly taken into account in the analyti-

cal framework of the higher-order theory, thereby providing the capability and means (through the related

computer codes) to accurately analyze the response of cylindrical functionally graded structural com-

ponents.

The work performed during the FY98-99 funding period resulted in the development of a two-

dimensional version of the higher-order theory, HOTCFGM-2D, and four computer codes based on this

theory, for the analysis and design of multi-phased composite thin shells/cylinders subjected to macros-

copically uniform or nonuniform loading in the circumferential and radial directions applied uniformly

along the axial direction. This version allows functional grading of the internal reinforcement in the r-0

plane, Figure I. The reinforcement is in the form of continuous fibers, oriented in the axial or circum-

ferential direction, or discontinuous inclusions with periodic spacing in the axial direction. The developed

two-dimensional higher-order theory includes inertial body forces in the radial and circumferential direc-

tions due to angular acceleration, in addition to externally applied or transmitted loads, and temperature

gradients in the r-0 plane. The temperature loading includes both steady-state and transient loading. As in

the one-dimensional version, the development has been carried out in a manner that facilitates incorpora-

tion of inelastic and continuum-based damage constitutive theories for the response of the individual con-

stituents, with robust integration algorithms [5,6]. At present, power-law creep model generalized to mul-

tiaxiat loading, incremental plasticity and GVIPS unified viscoplasticity theories [7,8] are available

within the three codes based on the steady-state version of the two-dimensional higher-order theory,

fgmc3dq.cylindrical.f, fgmp3dq.cylindrical.f, and fgmgvips3dq.cylindrical.f. The code based on the ver-

sion of the higher-order theory for transient thermal loading, fgmc3dq.cylindrical.transient.f, contains



power-lawcreepmodel.In addition,damagein theformof localfiber/matrixandmatrix/matrixcracks
hasbeenincorporatedinto thiscodeasa specialcaseof a moregeneralcapabilitythatadmitsthepres-
enceof internalcoolingchannels.Thedevelopmentof thiscapabilitywasfundedunderthegrantNAG3-
2252,andisdescribedin Appendix7 in orderto avoidunncecessaryrepetition.Thecombinedcapability
thatadmitseithercracksorcoolingchannelswithinaunifiedcodeprovidesthedesignerwithapowerful
andefficientcodewhichiscertainlypreferableto twodistinctcodes.

X

HOTCFGM-2D

Radially and
circumferentiallly
functionally graded
microstructure

reference axis

Figure 1. A geometric model for the cylindrical higher-order theory HOTCFGM-2D.

The four computer codes are research-oriented codes for investigating the effect of functionally

graded architectures, as well as the properties of the multi-phase reinforcement, in thin shells/cylinders

subjected to thermomechanical and inertial loading, on the internal temperature, stress and (inelastic)

strain fields. The geometry of the investigated structural component, material properties of the phases,

phase distributions in the radial and circumferential directions, and the applied loading in the r-0 plane

are specified by the user in an easy-to-construct input data file described in more detail in section 3. The

thermal and inelastic properties of the individual phases can vary with temperature and the elastic phases

can be either isotropic or transversely isotropic. In the latter case, the axis of symmetry can be in the

radial, circumferential or axial direction.



2.0 ANALYTICAL FOUNDATIONS OF HOTCFGM-2D

The developed theory is a significant generalization of an earlier version constructed by the authors

for the analysis and design of cylindrical structural components with radially graded microstructures

under axisymmetric thermomechanical loading [1]. The analytical framework is based on a second order

representation of temperature and displacement fields within the subvolumes used to characterize the

material's functionally graded microstructure, volumetric averaging of the various field quantities within

these subvolumes, and subsequent satisfaction of the field equations within each subvolume in a

volumetric sense, together with the imposition of boundary and continuity conditions in an average sense

between adjacent subvolumes. This results in two systems of algebraic equations for the unknown coeffi-

cients that govern the temperature and displacement field in the individual subvolumes of a functionally

graded cylinder. When thermal loading is of the steady-state type, the equations that govern the tempera-

ture field in each subvolume are solved first, and the results are subsequently used in the solution of the

mechanical problem. When transient effects are included in thermal loading, the two sets of equations are

solved simultaneously at each time increment of the applied thermal loading history. A brief outline of

the construction of the two-dimensional higher-order theory for cylindrical functionally graded structural

components under steady-state or transient thermal, and steady-state mechanical, loading is provided

below. This construction is based on the previously developed theoretical framework for HOTCFGM-1D

and includes the necessary modifications to account for two-dimensional steady-state thermomechanical

and transient thermal loading and microstructural effects in the r-0 plane.

2.1 Analytical Model

The microstructure of the heterogeneous cylindrical structural element shown in Figure 1 is discre-

tized into Np and Nq cells in the r-0 plane. The generic cell (p,q) used to construct the composite consists

of eight subcells designated by the triplet (cz_3q0,where each index cz, _, T takes on the values 1 or 2 which

indicate the relative position of the given subcell along the r, 0 and z axis, respectively. The indices p and

q, whose ranges are p = 1, 2..... Np and q = 1, 2 ..... Nq, identify the generic cell in the r - 0 plane. The

dimensions of the generic cell along the periodic z direction, 11, 12, are fixed for the given configuration,

whereas the dimensions along the r and 0 axes or the functionally graded directions, d_ ), d_ ), and hi q),

h_q), can vary in an arbitrary fashion.

2.1.1 Thermal analysis

For the specified thermomechanical loading applied in the r-O plane, an approximate solution for

the temperature and displacement fields is constructed by first approximating the temperature distribution

.. _ _(_), -(_)in each subcell of a generic cell using a quadratic expansion in the local coordinates r , z ,

• -_c0..._ctl3y) : _ct_ 1 ,,,_.ta)2
= T/_ _ +r t_166j + y(_)T(0f6_ + _tzr

2
1 ,,,...(_)2 Lt _,v(ctl3_)

- T. 0o2 

d_ )2 1 .__@2)T/_I +-_._y - )T/_' / + (U
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-0) = R(CXl_.t)_l_)and R (cxBY)is the distance from the origin of the r-0-z coordinate system to thewhere y

center of the (c_l_y) subcell. Given the six unknown coefficients associated with each subcell (i.e., TI_ t,

..., T/_' l) and eight subcells within each generic cell, 48NpNq unknown quantities must be determined

for a composite with Np rows and Nq columns of cells containing arbitrarily specified materials. These

quantities are determined by first satisfying the heat conduction equation,

_q_t) q_=_') _q_=_?) _q_a_

°) + +r + + (2)

as well as the t-n-st and second moment of this equation in each subcell in a volumetric sense in view of

the employed temperature field approximation. In the above, p and Cp are the density and the heat capa-

city at constant pressure of the material occupying the (o_[3y)subcell, and the rate of change of tempera-

ture with respect to time within the (¢xlBy)subcell is denoted by t (al_Y).The components q!CXB_,)(i = r, 0, z)

of the heat flux vector in the the subcell (c_[3y) of the (p, q)th cell in eqn (2) are derived from the tempera-

ture field according to

q_=[_v)= _k(C_B_')_, q_CC_)= k_a_)_TC_'O qCz=[_v)= _k(z_[3v)OT(¢_?)
, - , (3)

where k_a_t) are the coefficients of heat conductivity of the material in the subcell (tx_y).

Subsequently, continuity of heat flux and temperature is imposed in an average sense at the inter-

faces separating adjacent subcells, as well as neighboring cells. Fulfillment of these field equations and

continuity conditions, together with the imposed thermal boundary conditions applied to the bounding

surface of the functionally graded material, provides the necessary 48NpNq equations for the 48NpNq

unknown coefficients in the temperature field expansion of the form:

2r = 2"(T, t) = AT(t) + 6(0 (4)

where the structural thermal conductivity matrix _ contains information on the geometry, thermal con-

ductivities, densities and heat capacities of the subcells (c_[3y)in the NpNq cells spanning the r and 0 func-

tionally graded directions, the thermal coefficient vector "i_ contains the unknown rates of change of the

coefficients that describe the thermal field in each subcell, i.e.,

• (111) - (222)
"i_= [ T11 ,-"',TNpNq ]

where "i'_ _) = [ "r(ooo), T(loo), "i'(OlO),"I'(2oo),T(o2o), "i_(oo2)]_), and the modified thermal force vector _"

contains information on the current temperature field in the individual subcells (obtained from the previ-

ous integration step) and the applied thermal boundary conditions.

4



Theabovesystemof equationsis integratedusinganimplicit integrationalgorithmto generatethe
temperaturefieldin theindividualsubcellsateachpointin timeduringthespecifiedthermalloadinghis-
tory.Theemployedimplicitalgorithmisbasedonthediscretizationof eqn(4)asfollows,

T(t + At) - T(t)
- A[0T(t + At) + (1.0 - 0)T(t)] + 6(0 (5)At

where 0 is a weight factor which lies in the interval 0.5 _<0 _<1.0. The above equation can be rewritten in

the form,

[A - 0AtB]T(t + At) = [A + (1.0 - 0)AtB]T(t) + Ate(t) (6)

Setting 0 = 0.0 produces the explicit algorithm which requires a very small At increment for convergence.

With 0 = 0.5 or 1.0, At can be as large as 1.0, producing dramatic execution time reduction.

In the absence of transient thermal loading (i.e., steady-state case when the diffusion effects can be

neglected), the right-hand side of eqn (2) becomes zero, and the final system of equations becomes:

K T = t (7)

where the structural thermal conductivity matrix J¢ contains information on the geometry and thermal

conductivities of the subcells (cz137)in the NpNq cells spanning the r and 0 functionally graded directions,

the thermal coefficient vector T contains the unknown coefficients that describe the thermal field in each

subcell, i.e.,

T=[ T 011) T(222)11 ...... NpNq ]

where T_ _) = [ T(ooo), T(lOO), T(olo), T(200), T(020), T(o02) ]_lYt), and the thermal force vector t contains

information on the thermal boundary conditions.

2.1.2 Mechanical analysis

Once the temperature field is known, the resulting displacement and stress fields are determined by

approximating the displacement field in each subcell of a generic cell by a quadratic expansion in the

_¢x) _([_) _(-¢)local coordinates r , y , and as follows:

u_c_') = Wt_) + _a)wt_P_) + y'(_)Wt_:o_'_)+ 1(3_m2 - _dcxl(p)2)Wt(_)a +

_t-_Yl..,_(13)2 _ lh_q)2)Wt?_ ) + 1 ,,,-(_')2 _

(8)

u_a_'O = W_) -_cO = 1/,_...(cc)2

1 ,.,_([_)2 1 h _q)2)Wi_0B2_ ) l ,._-(7)2 1 2 ct_t_Y - + "_-toz - _-lv)W_(_C]_)

(9)



--('t)= +z (10)

where the unknown coefficients W_mn )) (i = 1, 2, 3) are determined from conditions similar to those

employed in the thermal problem. In this case, there are 104 unknown quantities in a generic cell (p,q).

The determination of these quantities parallels that of the thermal problem with the thermal equations and

quantities replaced by their mechanical analogues as briefly described below.

First, the heat conduction equation is replaced by the three equilibrium equations,

_(_)
_r e) +_+ 3z--('t) + R_)+r

_{e) + = 0
+a-- y + az-''

_ -_cO = 0
_r e) +_+ 3z--(v) + R(_v)+r

(11)

(12)

(13)

where F_ra_r) and F_al_) are the components of the body force due to the radial and angular acceleration.

The components of the stress tensor, assuming that the material occupying the subcell (a[5_,) of the

(p,q,r)th cell is orthotropic, are related to the strain components through the generalized Hooke's law:

(14)

where c,_ ) are the elements of the stiffness tensor, ei_ (a_') are the inelastic strain components, and the

elements r_jal_v) of the so-called thermal tensor are the products of the stiffness tensor and the thermal

expansion coefficients. In this investigation, we consider transversely isotropic elastic or isotropic inelas-

tic materials. Hence, in the latter case, eqn (14) reduces to:

0_ _) = _el_,)e_ t_t)8ij + 21.t(el_)e_j_D)Sij - 2P-((,I_v)£1_(a_v) - l"_jalhgT(e[_') (15)

where _e_) and !_04h9 are the Lame' s constants of the material filling the given subcell (o_[3_'). The com-

ponents of the strain tensor in the individual subcells are, in turn, obtained from the strain-displacement

relations.

Second, the continuity of tractions and displacements at the various interfaces replaces the con-

tinuity of heat fluxes and temperature. Finally, the boundary conditions involve the appropriate mechani-

cal quantities.

Application of the above equations and conditions in a volumetric and average sense, respectively,

produces a system of 104NpNq algebraic equations in the field variables within the cells of the

6



functionallygradedcompositeof theform:

K U = f + g (16)

where the structural stiffness matrix K contains information on the geometry and thermomechanical pro-

perties of the individual subcells (txl_y) within the cells comprising the functionally graded composite, the

displacement coefficient vector U contains the unknown coefficients that describe the displacement field

in each subcell, i.e.,

U(11 l) U(222)
U=[ 11 ...... NqN r ]

where U(qarl_v)= [ Wl(0o0) ..... W3(001) ]Cqra[_V),and the mechanical force vector f contains information on

the boundary conditions, body forces and the thermal loading effects generated by the applied tempera-

ture or heat flux. In addition, the inelastic force vector g appearing on the right hand side of eqn (16) con-

tains inelastic effects given in terms of the integrals of the inelastic strain distributions

-*) z-<v>) ij(,.r n>y , that are represented by the coefficients R (aB0 ,

1 1 1

_/(l+21)(l+2m)(l+2n) f f _ eija(al3V>Pl(;ta>)Pm(;_>)Vn(;tV>)d;ta>d;,_>d;_V) (17)R(aB0 .
ij(i,rn,n) = _t(ct_) 4 -1 -1 -1

where the non-dimensionalized variables _')'s, defined in the interval -1 < _!) < 1, are given in terms of

the local subcell coordinates as follows: ;to0= rAa)/(d_)/2), ;'_)= y(_)/(h_q)/2), and ;_v) = z-{V)/(1y/2)' and

where PI('), Pm('), and Pn(') are Legendre polynomials of orders I, m and n. These integrals depend impli-

citly on the elements of the displacement coefficient vector U, requiring an incremental solution of eqn

(16) at each point along the loading path. As mentioned previously, the solution of this system of equa-

tions follows that of the thermal problem in the case of steady-state thermal loading, while for transient

thermal loading the two problems (thermal and mechanical) must be solved simultaneously. The outlined

formulation is sufficiently general to admit either rate-independent incremental plasticity, rate-dependent

creep or unified viscoplasticity constitutive theories.

7



3.0 DELIVERABLES

Brief descriptions of the features and capabilities of the four computer codes based on the outlined

two-dimensional higher-order theory in the cylindrical coordinate system, fgmc3dq.cylindrical.f,

fgmp3dq.cylindrical.f, fgmgvips3dq.cylindrical.f, andfgmc3dq.cylindrical.transient.f, for the analysis and

design of radially and circumferentially functionally graded cylinders, delivered to the NASA-Glenn

Research Center in fulfillment of the terms of the contract NAS3-96052 are provided in the following

sections.

3.1 Analysis Codes

The four computer codes fgmc3dq.cylindrical.f, fgmp3dq.cylindrical.f, fgmgvips3dq.cylindrical.f,

and fgmc3dq.cylindricaI.transient.f enable the user to investigate the internal temperature, stress and (ine-

lastic) strain fields in cylindrical structural components with radial and circumferential functionally

graded reinforcement in the form of continuous fibers or discontinuous inclusions, subjected to steady-

state thermomechanical and transient thermal and inertial loading in the r--0 plane. Each of these Fortran

codes is first compiled in order to generate an executable file called a.out which, in turn, is executed by

typing the command of the same name at the unix prompt. The code fgmp3dq.cylindrical.f is employed

when the inelastic material response of the individual homogeneous phases is modeled using the classical

incremental plasticity theory, whereas fgmc3dq.cylindrical.f and fgmgvips3dq.cylindrical.f are employed

for homogeneous phases modeled with the power-law creep model or the GVIPS unified viscoplasticity

theory. These three codes have been developed for steady-state thermomechanical and inertial loading.

The code fgmc3dq.cylindrical.transient.fhas been developed for transient thermal and inertial loading of

functionally graded cylinders containing phases whose response is described by the power-law creep

model. This code also accommodates the presence of internal cooling channels, which can be specialized

to cracks between the individual sucells in order to model damage.

The structure of the input data files is similar for these four codes and the definitions of the input

variables associated with each READ statement are well-documented directly within the codes. A brief

overview of the structure of the input data file is provided below forfgmc3dq.cylindrical.f and further ela-

borated upon in Appendix 1. An example of this input file is given in Appendix 2 for the problem of a

functionally graded thermal barrier coating subjected to steady-state cyclic thermal loading investigated

in the following section. The structure of the input data files for fgmp3dq.cylindrical.f and

fgmgvips3dq.cylindrical.f is similar, with appropriate modifications for the slightly different capabilities

of these two codes, i.e., use of incremental plasticity and GVIPS viscoplasticity in place of the power-law

creep model. The structure of the input file for the code fgmc3dq.cylindricaLtransient.f differs slightly

from the input data file for the three codes developed for steady-state loading due to the additional infor-

mation that must be provided about the material properties associated with transient thermal loading and

the location and size of an internal crack or cooling channel and the type of boundary conditions applied

to their faces. These differences are discussed in Appendices 5, 6 and 7.



Thedatais readfromtheinputfilefgmc3dq.cylindrical.dataandtheresultsarewrittento thetwo
outputfilesfgmc3dq.cylindrical.out and fgmc3dq.cylindrical.plot. The input data consists of four blocks.

Block 1 is designated for the specification of the number of the individual phases, and their temperature-

dependent material parameters, that make up the cylinder's functionally graded microstructure. Each

phase is homogeneous and can be either elastic or inelastic. Elastic phases can be either isotropic or

transversely isotropic. In the latter case, the axis of symmetry can be in the radial, circumferential or axial

direction. Inelastic phases must be isotropic and are modeled by the power-law creep model generalized

to multiaxial loading (or classical plasticity with isotropic hardening in conjunction with a bilinear

representation of the elastoplastic stress-strain curve and GVIPS unified viscoplasticity theory in the case

of fgmp3dq.cylindrical.f and fgmgvips.cylindrical.J).

Block 2 is designated for the specification of the cylinder geometry and architecture given by the

inner radius of the cylinder, the number of subcells in the radial and circumferential directions, and their

radial and circumferential dimensions. The assignment of different phases to the individual subcells is

also specified in this block, as is the geometry and location of a crack or a cooling channel when

fgmc3dq.cylindrical.transient.f is employed.

Block 3 is designated for the specification of the parameters employed for the loading history,

integration of the two systems of equations for the unknown thermal and mechanical rnicrovariables in

the individual subcells, eqns (4) or (7) and (16), and the manner in which the results generated by the pro-

gram are written to the output files fgmc3dq.cylindrical.out and fgmc3dq.cylindrical.plot (loading path

and geometric locations). Information on the out-of-plane constraint during the applied loading history in

the r-0 plane (plane strain or generalized plane strain) is also provided in this block together with the

order of Legendre polynomials employed in approximating the inelastic strain field in the individual sub-

cells, eqn (17), and the number of collocation points employed to integrate the inelastic strains.

Block 4 is designated for the specification of the external and (in the case of a crack/cooling chan-

nel) internal boundary conditions applied to the boundaries of the cylindrical shell in the r-0 plane, which

can involve the simultaneous application of temperature or heat flux, and different combinations of trac-

tions, displacements and displacement gradients discussed in Appendix 1. The magnitudes of these quan-

tities are also specified in this block, but the actual thermal and mechanical loading histories which define

the loading rates during different, user-specified time intervals are constructed within the two functions

FUNCTION APPLIEDTR(TIME) and FUNCTION APPLIEDM(TIME) that reside within each of the

four codes. The subroutine ANGULAR_VELOCITY allows the user to define the desired rotational load-

ing history.

The input data is echoed to the output file fgmc3dq.cylindrical.out. In addition, this file contains

temperature, stress and (plastic) strain fields in the individual subcells at the specified points of the load-

ing history. An example of this output file is given in Appendix 3 for the problem of the previously men-

tioned functionally graded thermal barrier coating subjected to steady-state cyclic thermal loading. The

output filefgmc3dq.cylindrical.plot contains temperature, stress and (plastic) strain distributions along the

radial and circumferential cross sections of the functionally graded cylinder specified by the user that can



beuseddirectlyforplottingpurposes.Theplottingfile fortheaboveproblemis giveninAppendix4.

ThecapabilitiesandoptionsavailablewithinthefouranalysiscodesaresummarizedinTable1.

Table1.Capabilitiesavailablewithin theanalysiscodes.

Type

Functionallygraded
cylindergeometry

Constitutivemodels

Phases

Integrationschemes

Loadingcapabilities

Predictivecapabilities

Description

Geometry:thin-walledpartialor fullyenclosedcylinderwithorwithouta
crack/coolingchannel
Reinforcement:continuousordiscontinuous
Grading: arbitrarily nonuniform(user-specified)in the radial and
circumferentialdirections;axiallyperiodic

Elastic:isotropicandtransverselyisotropicmaterials
Plastic: incrementalplasticity (Prandtl-Reussrelations)with isotropic
hardeningand bilinearrepresentationof the elastoplasticstress-strain
response(fgmp3dq.cylindricaI.J)
Viseoplastie:GVIPSunifiedviscoplasticitytheoryfor isotropicmaterials
(fgm gvips.cylindrical.f)

Creep: power-law creep model generalized to multiaxial loading for
isotropic materials (fgmc3dq.cylindrical.f, fgmc3dq.cylindrical.transient.J)

Homogeneous: all codes

Heterogeneous: not available at present

Thermal problem: forward Euler (steady-state loading), implicit
(transient loading)

Mechanical problem: successive elastic solutions (incremental plasticity)
forward Euler (power-law creep, GVIPS viscoplasticity)

Thermal: steady-state, transient; heat flux or temperature specified on the
boundaries

Mechanical: steady-state; combinations of tractions, displacements, or
displacement gradients specified on the boundaries
Inertial: steady-state, transient rotation

Temperature distributions in the r-0 plane
Stress and (plastic) strain distributions in the r-0 plane

10



4.0 SUMMARY OF RESEARCH ACTIVITIES AND RESULTS

The development of the aforementioned computer codes was accompanied by the following investi-

gations:

• Code validation

• Investigation of the response of cylindrical functionally graded thermal barrier coatings subjected to

steady-state and transient thermal gradient loading (without and with an intemal cooling channel in

the case of transient loading)

• Investigation of the response of cylindrical functionally graded thermal barrier coatings subjected to

combined thermal and rotational loading

These investigations demonstrate the accuracy and the utility of the higher-order theory in the analysis of

MMC cylindrical components with or without grading as well as the developed codes' capability as

analysis and design tools.

4.1 Validation Studies

The validation studies have been performed for both the steady-state and transient versions of the

developed codes. The results of the validation studies for the steady-state version of the higher-order

theory presented in this section have been generated using the material properties given in Table 2. The

inelastic response of the individual phases was modeled using the incremental plasticity theory with iso-

tropic hardening in conjunction with a bilinear representation of the elastoplastic stress-strain response.

Table 2. Thermoelastic and plastic parameters of Ti-24Al-11Nb alloy and SiC fibers.

Material E v ct _: Yield stress Hardening slope

(GPa) (10-6/°C) (W/m-C) (MPa) (GPa)

Ti-24A1-11Nb 110.3 0.26 9.44 8.0 371.6 23.0

SiC 399.9 0.25 4.0 17.6 N/A N/A

4.1.1 Validation of the steady-state version of HOTCFGM-2D

The validation was based on the response of a homogeneous (unreinforced) cylinder subjected to an

internal pressure, temperature gradient, pure shear, and steady-state rotation, a homogeneous curved beam

subjected to pure bending, and a heterogeneous cylinder subjected to internal pressure. Both the elastic

and elastoplastic responses of the homogeneous matrix material were considered. For the elastic cases,

the results were subsequently compared with the exact analytical results as well as the corresponding

results generated using the HOTCFGM-1D code based on one-directional version of the higher-order

11



theorydevelopedduringthefirst yearof the investigation[1], whentheloadingwasaxisymmetric.For
theinelasticcasesinvolvingaxisymmetricloadingfor whichanalyticalsolutionswerenotavailable,com-

parisonwith thecorrespondingHOTCFGM-1Dresultsprovidedthevalidationbasis.In particular,the
followingcaseswerevalidatedwithverygoodagreementbetweentheHOTCFGM-2Dresultsand/orthe
analyticalandtheHOTCFGM-1Dresults.

• Homogeneouselasticcylindersubjectedto internalpressure,temperaturegradient,shearloadingin
ther-0plane,andsteady-staterotation(analyticalsolutionsavailable).

• Homogeneouselasticcurvedbeamsubjectedto purebending(analyticalsolutionavailable).

• Homogeneouselastoplasticcylindersubjectedto internalpressure,temperaturegradient,and
steady-staterotation(comparisonwithHOTCFGM-1D).

• Four-layerelastoplasticcylindersubjectedto temperaturegradientand internalpressure(com-
parisonwithHOTCFGM-1D).

• Heterogeneouselastoplasticcylindersubjectedto internalpressure(comparisonwith HOTCFGM-
1D).

To illustratethecomparisonwith theexactanalyticalandHOTCFGM-1Dsolutions,fourcasesare
chosenfromtheabove.In CaseI, weconsiderahomogeneousTi-24Al-11Nballoycylinderwithaninner
radiusof 0.020m andanouterradiusof 0.021m (whichproducesawall thicknessto the innnerradius
ratioof 20).Thecylinderwassubjectedtoaninnerpressureof 25MPa(withoutanexternalpressure)and
theresultsweregeneratedusingelasticandelastoplasticpropertiesgivenin Table2. In CaseII, thesame
cylinderwassubjectedto atemperaturegradientof 700°Cproducedby anappliedinnerradiustempera-
tureof 700°Candanouterradiustemperatureof 0°C.In CaseIII, weconsideracurvedbeam,madeof
thesamematerialandhavingthesameradiusof curvatureandwallthicknessasin thefn-sttwocasesbut
withtheelastoplasticresponsesuppressed,subjectedto apurebendingmomentgeneratedby theapplica-
tion of circumferentialtractionsat bothendsobtainedfrom anexactanalyticalelasticitysolution[9].

Finally,for CaseIV, we considerthe responseof a Ti-24A1-Nbcylinderreinforcedby 10 through-
thicknessrowsof SiC fibers,whichis subjectedto an internalpressure.Thefiber volumefractionwas
0.40.Thecylinderhadaninnerradiusof 0.020mandanouterradiusof 0.022m(whichproducesa wall
thicknessto the innerradiusratio of 10).The 10-fiberconfigurationwasdiscretizedinto 20subcells
acrossthecylinder'sthickness.Theappliedinternalpressurewas50MPawith theexternalsurfacemain-
tainedtraction-free.

For thefirst threecases,wecomparethepredictionsof theelasticitysolutionsin theabsenceof
plasticityandthepredictionsobtainedfromtheHOTCFGM-2Dcode.We alsoincludethepredictions
obtainedfromtheHOTCFGM-1Dcodefor theaxisymmetricloadings(internalpressureandtemperature

gradientloadingof thefirst two cases) as an additional check. In the presence of plasticity, the predictions

obtained from the HOTCFGM-2D code are compared with those obtained from the HOTCFGM-1D code.

12



Case I: Thin-walled cylinder subjected to internal pressure

Figure 2 presents the predictions obtained from the exact elasticity solution and the HOTCFGM-1D

and HOTCFGM-2D codes generated using both elastic of elastoplastic material parameters of the Ti-

24Al-llNb alloy for the axial (top), circumferential (middle) and radial (bottom) stress distributions

through the cylinder's thickness. In the case of the axial stress, the predictions obtained from the two

codes are identical in the elastic and elastoplastic cases, illustrating that the results generated by the more

complicated HOTCFGM-2D code reduce to those generated by the HOTCFGM-1D code under axisym-

metric loading. Virtually no difference is observed between the elasticity solution and the HOTCFGM-

1D/2D predictions when the plasticity effects are suppressed.

Essentially the same results are obtained for the circumferential and radial stress distributions. The

observed differences between the elasticity solution and the HOTCFGM-1D/2D predictions when the

plasticity effects are suppressed are quite small, i.e, on the order of 2%.

Case II: Thin-walled cylinder subjected to temperature gradient

The temperature distributions obtained from the exact thermoelasticity solution of the considered

temperature gradient problem and the HOTCFGM-1D and HOTCFGM-2D codes generated using both

elastic and elastoplastic material parameters of the Ti-24Al-11Nb alloy varied linearly from 700 ° C at the

inner radius to 0° C at the outer radius, as expected. It was verified that the temperature distributions were

independent of whether elastic or elastoplastic material parameters were used since no thermomechanical

coupling effects have been included in the development of the higher-order theory. Virtually no differ-

ences were observed between the analytical solution and the HOTCFGM-1D/2D results.

Figure 3 presents the resulting thermally-induced stress distributions through the cylinder's thick-

ness for the axial (top), circumferential (middle) and radial (bottom) stresses obtained from the exact elas-

ticity solution and the HOTCFGM-1D and HOTCFGM-2D codes. In the case of the axial stress, the pred-

ictions obtained from the two codes are identical in the elastic and elastoplastic cases. Some differences

are observed at the inner radius between the elasticity solution and the HOTCFGM-1D/2D predictions

when the plasticity effects are suppressed, which however decrease to zero halfway through the cylinder's

thickness.

In the case of the circumferential stress distributions, the predictions of the two higher-order theory

codes are again identical for both elastic and elastoplastic cases, and the correlation with the elasticity

results is excellent when the plasticity effects are suppressed. Similar correlation between the elasticity

results and the elastic HOTCFGM-1D/2D predictions is obtained for the radial stress, despite the substan-

tially smaller magnitude of the radial stress distribution relative to the magnitudes of the axial and cir-

cumferential stress distributions.
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Figure 2. Comparison of HOTCFGM-2D, HOTCFGM-1D and exact solutions for an homogeneous elas-

tic and elastoplastic cylinder subjected to an internal pressure: through-thickness axial stress (top); cir-

cumferential stress (middle); and radial stress (bottom) distributions.
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CASE III: Curved beam subjected to pure bending moment

Figure 4 presents the predictions obtained from the exact elasticity solution and the HOTCFGM-2D

code generated using elastic parameters of the Ti-24AI-11Nb alloy for the circumferential (top) and radial

(bottom) stress distributions through the curved beam's thickness. Excellent correlation between the

analytical and higher-order predictions is observed for both stress components, despite the significantly

lower magnitudes of the radial stress relative to the circumferential stress. We note the presence of the

radial (through-thickness) stress which arises due to the beam's curvature (this stress component vanishes

when the beam's curvature is zero).

CASE IV: SiC-fiber reinforced Ti-24A1-Nb cylinder subiected to internal pressure

Figures 5 and 6 present the comparison between the HOTCFGM-1D and HOTCFGM-2D predic-

tions for the through-thickness axial (top), circumferential (middle) and radial (bottom) stress distribu-

tions in the SiC-fiber reinforced Ti-24A1-Nb cylinder subjected to an internal pressure of 50 MPa in the

presence of plasticity. The distributions are given in the matrix-matrix and fiber-matrix representative

cross sections (Figure 5 and 6, respectively). The differences between the HOTFGM-1D and HOTFGM-

2D predictions are generally small, with smaller differences observed in the fiber-matrix than the matrix-

matrix cross section.
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4.1.2 Validation of the transient version of HOTCFGM-2D

The validation of the transient thermal loading capability was carried out by comparing the predic-

tions of the higher-order theory with a known analytical solution for the transient thermal problem of an

infinite homogeneous slab instantaneously subjected to a temperature change on its upper and lower sur-

faces. The solution to this problem has been found in explicit form (a series solution) in Ref. [10] and

subsequently programmed to generate numerical values for comparison with the higher-order theory

predictions. The higher-order theory predictions were generated for the flat slab problem by setting the

curvature to zero, which provided an additional and more demanding check on the theory's predictive

capabilities.

Figure 7 presents a comparison between the higher-order predictions for the temperature distribu-

tion throughout the flat slab at different times with the programmed analytical results. The data is

presented in nondimensional manner (nondimensional slab thickness xl /L where L is one half of the

actual slab thickness, nondimensional temperature T / Tapplied, and nondimensional time). As observed in

the figure, virtually no difference is observed between the analytical solution and the higher-order theory

results for all times. Further, the transient character of the solution is clearly evident in the generated data,

demonstrating progressive homogenization of the temperature field throughout the slab thickness with

increasing time.

4.2 Analysis of Functionally Graded TBCs

To investigate the response of cylindrical functionally graded thermal barrier coatings (TBCs) sub-

jected to thermal loading involving a through-thickness temperature gradient, taking transient effects into

account, a steel cylinder with the inner radius protected by a zirconia coating graded with CoCrA1Y inclu-

sions was considered. Both cyclic and Heaviside-type (or thermal shock) loading histories were

employed. The ceramic coating was graded with the metallic bond coat material from the inner radius of

50 mm to the outer radius of 51 mm. The entire functionally graded coating was, in turn, bonded to the

outer steel cylindrical substrate 1 mm thick. The representative cross section element of the investigated

composite cylinder is shown in Figure 8, where the quasi-random distribution of the inclusion phases in

the radial and circumferential directions is clearly evident. This is a much more realistic representation of

functionally graded microstructures in thermal barrier coatings than previously employed in the context

of the one-dimensional version of the theory, which is now possible with the generalization described in

this report. The radial dimensions of the TBC-protected cylinder are the same as those employed in a pre-

vious investigation dealing with the effects of microstructural refinement on the response of functionally

graded TBCs on flat substrates [11]. The transient thermo-mechanical analysis was performed on the

representative cross section element (which is used to construct the entire composite cylinder in the cir-

cumferential direction), taking into account the symmetry conditions along the radial boundaries of the

element. The results are compared with the corresponding results obtained when the transient effects are

suppressed.
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The thermoelastic material parameters of the individual constituents of the functionally graded TBC

configuration are given in Table 3.

Table 3. Thermoelastic material parameters of the TBC constituents.

Material E (GPa) v tx (10-6/K) _: (W/m-K) Cp (m2/(s2K) p (kg/m 3)

Zirconia top coat 36 0.20 8.0 0.50 272 6570

CoCrA1Y bond coat 197 0.25 11.0 2.42 200 3000

Steel substrate 207 0.33 15.0 60.50 465 7830

Owing to the low conductivity of zirconia, and the significant temperature drop in the pure zirconia

layers, the response of the CoCrAIY bond coat and the steel substrate was treated as elastic with tempera-

ture independent elastic parameters. The temperature-dependent inelastic response of the zirconia phase

was modeled using the power-creep model generalized to multi-axial loading in the following manner:

• in 3F(_e)

Eij -- 2oe o_j (18)

• -_ , ,where (_ij are the components of the stress deviator, oe = 3/2oijoij, and

F(oe) = Aone -AH/RT (19)

where the creep parameters A, n and All are given in Table 4 and R = 8.317 J/(mole K). The thermoelas-

tic and creep parameters also are the same as those in Ref. [ 11].

Table 4. Creep material parameters of the TBC constituents.

Material A (pa-n/s) n AH (KJ/mole)

Zirconia top coat 1.89x10 -6 1.59 277

CoCrA1Y bond coat - - -

Steel substrate - - -
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4.2.1Cyclicthermal loading

As the first step, we investigate the response of the considered thermal barrier coating subjected to

cycling loading that involves heating of the inner radius from 25°C to 1200°C in 10 seconds, a hold

period of 300 seconds, and a cooldown that lasts 10 seconds, Figure 9. The outer radius is kept at 25°C,

producing a severe temperature gradient through the functionally graded coating's thickness.

Figure 10 presents the through-thickness temperature profiles in the three cross sections shown in

Figure 8 at the end of the ramp, hold, and cooldown portions of the thermal cycle (t = 10, 310, and 320

seconds) generated taking into account transient effects. The profile at the end of the ramp portion of the

thermal cycle is the same as the corresponding profile at the end of the hold period, indicating that the

transient effects have died out by this point of the thermal loading history. This is further supported by the

corresponding thermal prof'tles generated for the same thermal cycle under the assumption of steady-state

conditions (not shown) which are virtually identical.

Figure 11 presents the corresponding through-thickness profiles of the circumferential stress ¢_00.

Initially (at the end of the ramp period), the stress in the ceramic coating is compressive. However, con-

siderable stress relaxation is observed in the ceramic-rich region at the end of the hold period which

results in relatively high tensile circumferential stress upon cooldown in this region. These results are

consistent with the results obtained for a fiat functionally graded TBC in Ref. [11] under steady-state con-

ditions using the same material properties, temperature history and through-thickness geometry, but dif-

ferent manner of grading.

Figure 12 presents the through-thickness circumferential stress profiles generated under the assump-

tion of steady-state thermal cycling for comparison with those shown in Figure 11. At the end of the ramp

portion, differences between transient and steady-state calculations are observed only in the ceramic

region exposed to the elevated temperature where substantial creep and relaxation phenomena are occur-

ing. This is most likely caused by the history dependence of the stress field in the presence of inelastic

effects. For instance, the lower compressive circumferential stress at the ceramic (hot) surface of the TBC

obtained from the transient analysis relative to the steady-state analysis after the end of the ramp period

indicates initially higher stresses leading to greater relaxation. This is consistent with the heat diffusion

mechanism which creates an initially higher constraint on material deformation in the regions of applied

thermal loading relative to steady-state thermal loading (instantaneous heat diffusion). The differences

between the steady-state and transient circumferential stress profiles in the ceramic region disappear at

the end of the hold period.

The input, output and plot files for the case with the transient effects suppressed are given in Appen-

dices 2, 3, and 4. The construction of the input file for the transient case is described in Appendix 5 where

the differences between steady-state and transient input parameters are discussed. Appendix 6 provides

the actual input file for the investigated transient case.
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4.2.2 Heaviside (thermal shock) loading

To better illustrate the transient thermal effects for the chosen TBC constituent material properties

and geometry, instantaneous (Heaviside) thermal loading was applied to the inner radius of functionally

graded TBC shown in Figure 8, while the outer radius was kept at room temperature. This was accom-

plished by decreasing the duration of the ramp portion of the thermal cycle shown in Figure 9 to a frac-

tion of a second, and holding it at the upper temperature of 1200 ° C for 10 seconds.

Figure 13 presents the temperature distributions in the three cross sections (C-C 1, C-C 2, and C-C

3) of the functionally graded coating shown in Figure 8 at the times t= 0.01, 1.0 and 10 seconds. The tran-

sient thermal effects are quite apparent during the first second of heating. However, virtually no differ-

ence is observed in the thermal profiles at t = 1 and 10 seconds, indicating a very rapid decay of the tran-

sient effects (i.e., very rapid heat diffusion phenomenon). These results explain the absence of differences

between transient and steady-state temperature distributions for the heating/hold/cooldown thermal cycle

shown in Figure 9. In particular, the results presented at the end of the heatup and hold portions of the

thermal cycle (t = 10 and 310 seconds) were essentially steady-state results due to the rapid decay of the

transient effects for this particular material system as demonstrated in Figure 13.

Figures 14 and 15 present the corresponding circumferential stress and effective plastic strain distri-

butions at the given times. The effect of thermal shock loading on the stress redistribution during the ini-

tial heat diffusion process (i.e., during the first second of heating) is quite apparent. The differences in the

stress distributions at t = 1 and 10 seconds are due to the stress relaxation in the ceramic coating that

occurs at the elevated temperature. Comparison with the results presented in the preceding section at t =

10 seconds, generated using a ramp function for initial heatup, indicates a greater amount of stress relaxa-

tion in the ceramic region. The evolution of plastic strain with time is also clearly visible and is clearly

influenced by the heat diffusion process which provides the activation energy for creep strain.

4.2.3 Combined cyclic thermal and rotational loading

The mesh shown in Figure 8 also has been employed to demonstrate the transient rotational loading

capability. In order to provide a basis for comparison, rotational loading involving a linear increase of the

angular velocity from 0 to 10,000 radians/sec in 150 seconds, which was then kept constant, was superim-

posed on the temperature cycle employed in section 4.2.1.

Figures 16 and 17 present the circumferential stress and effective plastic strain distributions at t =

10, 310, and 320 seconds (which correspond to the end of the heatup, hold, and cooldown portions of the

thermal cycle, respectively) for the combined thermal and rotational loading history. At t = 10 seconds,

the stress and plastic strain distributions in the presence of the superposed rotational loading are indistin-

guishable from the corresponding distributions obtained from the pure thermal loading due to the small

contribution from the rotational forces at this time. The effect becomes significant when the rotational

velocity attains its maximum magnitude as observed at t = 310 and 320 seconds. In fact, the stress due to
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the thermal loading is completely overshadowed by the rotationally-induced stress. The inelastic strains

are affected to a substantially smaller degree since they are restricted to the inner ceramic region of the

functionaly graded cylinder due to the assumption of linearly elastic behavior of the bond coat and sub-

strate materials.

5.0 PLANS FOR FUTURE WORK

The capability developed during the FY98-98 funding period described in this report is currently

being employed for the analysis and optimization of RLV thrust cell liner coatings under the grant

NAG3-2359. The objective of this work is to identify an optimum blanching-resistant coating design for

use on Cu-SCr-4Nb thrust cell liners, leading to enhanced life/durability. This work in in direct support of

the current collaborative effort among NASA-Glenn, MSFC and Rocketdyne to develop a new generation

of blanching-resistant coatings for.use on Cu-SCr-4Nb thrust cell liners proposed for RLV applications. A

preliminary investigation into the effects of interface roughness and oxide film thickness on the evolution

of stress fields in duplex coatings on flat substrates, carried out with the higher-order theory, has con-

firmed the major failure mechanism by which plasma-sprayed coatings fail under spatially uniform ther-

mal cycling [12]. This information will be employed in the ongoing RLV thrust cell liner coating study.

It has also been proposed to extend the completed higher-order theory for cylindrical functionally

graded structural components by incorporating dynamic impact loading capability. This extension will

make possible the assesssment of the effect of foreign object impact on the potential for damage evolu-

tion in advanced turbine blade coatings, for instance. The proposed work complements current nation-

wide efforts by a number of government agencies to develop a new generation of turbine blade coatings

capable of operating longer in low-cost fuel environments containing different types of impurities. As the

impact problem also plays an important role in a number of other technologically important applications

that are important to the nation's security interests (graded body armour, for instance), the proposed work

will significantly broaden the range of technologically important applications of the cylindrical higher-

order theory.
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7.0 APPENDICES

7.1 Appendix 1

The input data file fgmc3dq.cylindrical.data is organized into four distinct blocks, as explained in

section 3.1. The structure of the input data file, the variable names and their description read by the pro-

gram are given below.

Block I: Material properties for NMT materials at NTEMP identical temperatures

NMAT

TREF

MNAME

RHO

ID

NTEMP

CONDA,CONDT

EA,ET, GA

FNA,FNT

IT1, TEMP

ALPHAATEMP,ALPHATTEMP

CREEPCOEFTEMP,POWERTEMP,
HCREEPTEMP

number of materials

reference temperature

begin sequential specification of different materials --> repeat NMAT times

material name

density

axis of symmetry indicator for transversely isotropic materials:
ID=I -> radial axis, ID=2 -> circumferential axis, I19=3 -> axial axis

number of temperatures at which CTE and creep properties are specified

axial and transverse thermal conductivities

axial and transverse Young's moduli, and axial shear modulus

axial and transverse Poisson's ratios

begin sequential CTE and creep material property input at a given
temperature --> repeat NTEMP times

temperature number (1, 2 ..... NTEMP), temperature at which CTE and
creep properties are specified

axial and transverse thermal expansion coefficients at TEMP

creep parameters at TEMP

end of CTE and creep property input at a given temperature

end of material property input for NMA T materials at NTEMP temperatures

Note: the creep parameters are specified for the power-law model of the form given by eqns (18) and (19)
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Block 2: Specification of the cylinder geometry and architecture

R0 inner radius (R0=0 -> fiat plate option)

NALPHA,NBETA number of subcells in the radial and circumferential directions (must be even)

begin subcell dimensions specifications

IALPHA,XD radial subcell number, radial subcell dimensions --> repeat NALPHA times

if RO is not zero

THETA cirumferential subcell angle --> repeat NBETA times

ifRO=O

H1,H2 subcell dimensions in the 0 direction -->repeat NBETA/2 times

end of subcell dimensions specifications for NALPHA and NBETA subcells

L1,L2 subcell dimensions 11 and 12 in the out-of-plane direction

begin subcell material assignment in each of the 2 r-0 planes --> repeat 2 times

for each plane, start from the lower left comer with r (ALPHA) directed up,
and 0 (BETA) directed to the right

KGAMA counter for the two planes (1 and then 2)

material assignment for the 1ALPHAREAD subcell --> repeat NALPHA times

IALPHAREAD,MATNUM counter, NALPHA × NBETA x 2 matrix containing material specification for
each subcell --> repeat NBETA times

end of subcell material assignment for NALPHA × NBETA × 2 subcells

Block 3: Specification of the loading and inelastic strain integration parameters, and write options

NINT number of time steps for the integration of the global system of equations for
the unknown thermal and mechanical microvariables

DTIME time increment for the integration of the global system of equations

NSTEP number of load increments between which output data is written to the
fgmc3dq.cylindrical.out file

NPLOT1 ...... NPLOT6 specification of the six times during the loading history at which output results
are written to the fgmc3dq.cylindrical, out and fgmc3dq, cylindrical.plot files

KGAMPPLOT r-0 plane indicator, indicates in which plane (1 or 2) output data for plotting
purposes is to be generated

NBPLOT,JBETAPLOT number of cross sections along the radial direction in which data is to be
generated for plotting purposes, 15 subcell through which data is to be
generated --> repeat JBETAPLOT NBPLOT times

ISIGNX2B specifies the location within the particular 13subcell through which data is to
be generated when NBPLOT is not 0 (1 --> left face; 0 --> center: 2 --> right
face) --> repeat NBPLOT times
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NAPLOT,IALPHAPLOT

ISIGNX1B

IGPS

NLEG

J1

numberofcrosssectionsalongthecircumferentialdirectioninwhichdataisto
begeneratedfor plottingpurposes,_ subcellthroughwhichdatais to be
generated-->repeat NAPLOT times

specifies the location within the particular tx subcell through which data is to
be generated when NAPLOT is not 0 (1 --> lower face; 0 --> center: 2 -->
upper face) --> repeat NAPLOT times

plane strain (0) or generalized plane strain (1) condition imposed in the out-
of-plane direction

order of Legendre polynomials for approximating the inelastic subcell strains
in the three directions

number of integration points for evaluating the inelastic subcell strains in the
three directions

Block 4: Specification of thermal and meachanical boundary conditions in the r-0 plane

LOADF1

AMPF1

LOADR1

AMPR1

LOADF2

AMPF2

LOADR2

AMPR2

LOADF1

AMPF1

LOADF1

specification of thermal boundary conditions at the inner and outer radii -->
repeat NBETA times

thermal load indicator for the boundary [3 subcells at the inner radius (I ->
heat flux specified; 2 -> temperature specified)

heat flux/temperature amplitude for the boundary 13subcells at the inner radius

thermal load indicator for the boundary [3 subcells at the outer radius (1 ->
heat flux specified; 2 -> temperature specified)

heat flux/temperature amplitude for the boundary 13subcells at the outer radius

specification of thermal boundary conditions at the left and right faces -->
repeat NALPHA times

thermal load indicator for the boundary cx subcells at the left face (1 -> heat
flux specified; 2 -> temperature specified)

heat flux/temperature amplitude for the boundary _ subcells at the left face

thermal load indicator for the boundary a subcells at the fight face (1 -> heat
flux specified; 2 -> temperature specified)

heat flux/temperature amplitude for the boundary cx subcells at the fight face

specification of mechanical boundary conditions at the inner and outer radii
--> repeat NBETA times

mechanical load indicator for the boundary _3subcells at the inner radius (1 ->
a_r specified; 2 -> Ur specified; 3 -> bUr / 3r)

mechanical load amplitude for the boundary 13subcells at the inner radius

mechanical load indicator for the boundary [3 subcells at the inner radius (1 ->
(_r0specified; 2 -> u0 specified; 3 -> Duo / 3r)
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AMPF1

LOADR1

AMPR1

LOADR1

AMPR1

LOADF2

AMPF2

LOADF2

AMPF2

LOADR2

AMPR2

LOADR2

AMPR2

mechanicalloadamplitudefortheboundary[3subcellsattheinnerradius

mechanicalloadindicatorfortheboundary[3subcellsattheouterradius(1->
_rrspecified;2->Urspecified;3->OUr/ 3r)

mechanical load amplitude for the boundary [3 subcells at the outer radius

mechanical load indicator for the boundary 13subceUs at the outer radius (1 ->
_o specified; 2 -> u0 specified; 3 -> bUo / 3r)

mechanical load amplitude for the boundary [3 subcells at the outer radius

specification of mechanical boundary conditions at the left and right faces -->
repeat NALPHA times

mechanical load indicator for the boundary 13subcells at the left face (1 -> _or
specified; 2 -> u r specified; 3 -> 3u r / 30)

mechanical load amplitude for the boundary _ subcells at the left face

mechanical load indicator for the boundary [3 subcells at the left face (1 -> _oo
specified; 2 -> uo specified; 3 -> buo / 30)

mechanical load amplitude for the boundary 13subcells at the left face

mechanical load indicator for the boundary [3 subcells at the right face (I ->
aOr specified; 2 -> ur specified; 3 -> 3Ur / 30)

mechanical load amplitude for the boundary [3subcells at the fight face

mechanical load indicator for the boundary [3 subcells at the fight face (1 ->
a00 specified; 2 -> Uo specified; 3 -> 3u o / 30)

mechanical load amplitude for the boundary 13subcells at the fight face
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7.2 Appendix 2

The input file fgmc3dq.cylindrical.data for the steady-state cyclic thermal loading case described in

section 4.2.1 is given below. The highlighted text, not to be included in the input deck, identifies the four

blocks of the input data.

Block 1

3 NMAT

300 TREF

'MATERIAL !' MNAME

1 RHO

1 ID
1 NTEMP

0.50E+00 0.50E+00 CONDA, CONDT

36.00E+09 36.00E+09 15.00E+09 EA,ET,GA

0.20E+00 0.20E+00 FNA,FNT

1 0 IT,TEMP
8.00E-06 8.00E-06 ALPHAATEMP,ALPHATTEMP

1.89E-06 1.59 277.00E+03 CREEPCOEFTEMP,POWERTEMP,HCREEPTEMP

'MATERIAL 2'

1

1

1

2.42E+00

197.00E+09

0.25E+00

1

II.00E-06

0.00E+00

2.42E+00

!97.00E+09 78.80E+09

0.25E+00

0

II.00E-06

1.00E+00 1.00E+00

'MATERIAL 3'

1

1

1

60.50E+00

207.00E+09

0.30E+00

1

15.00E-06

0.00E+00

Block 2

60.50E+00

207.00E+09 79.60E+09

0.30E+00

0

15.00E-06

1.00E+00 1.00E+00

5O

42

42

41

40

39

38

37

36

35

34

33

32

31

30

.00E+00

i0

0.25E-0

0.25E-0

0.25E-0

0.25E-0

0.0263157E-0

0 0263157E-0

0 0263157E-0

0 0263157E-0

0 0263157E-0

0 0263157E-0

0 0263157E-0

0 0263157E-0

0 0263157E-0

R0

NALPHA,NBETA

NALPHA,XD(NALPHA)
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29
28
27
26
25
24
23
22
21
2O
19
18
17
16
15
14
13
12
ii
i0
9
8
7
6
5
4
3
2
1

1
42
41
4O
39
38
37
36
35
34
33
32
31
3O
29
28
27
26
25
24
23
22
21
2O

0 0263157E-0
0 0263157E-0
0 0263157E-0
0 0263157E-0
0 0263157E-0
0 0263157E-0
0 0263157E-0
0 0263157E-0
0 0263157E-0
0 0263157E-0
0.0263157E-0
0.0263157E-0
0.0263157E-0
0.0263157E-0
0.0263157E-0
0.0263157E-0
0.0263157E-0
0.0263157E-0
0.0263157E-0
0.0263157E-0
0.0263157E-0
0.0263157E-0
0.0263157E-0
0 0263157E-0
0 0263157E-0
0 0263157E-0
0 0263157E-0
0 0263157E-0
0 0263157E-0

0.02865 0.02865
0.02865 0.02865
0.02865 0.02865
0.02865 0.02865
0.02865 0.02865

0.0263157E-0 0.0263157E-0

3 3 3 3 3 3 3 3 3 3
3 3 3 3 3 3 3 3 3 3
3 3 3 3 3 3 3 3 3 3
3 3 3 3 3 3 3 3 3 3
2 2 2 2 2 2 2 2 2 2

2 2 2 2 2 2 2 2 2 2

2 2 2 2 2 2 2 2 2 2

2 2 2 2 2 2 2 2 2 2

2 2 1 2 2 2 2 1 2 2
2 2 2 2 2 2 2 2 2 2

2 2 2 2 1 2 2 2 2 2

1 2 2 2 2 2 2 2 1 2

2 2 1 2 2 2 2 2 2 2

2 2 2 2 2 1 2 2 2 2

2 2 2 1 2 2 2 1 2 2

2 1 2 2 2 1 2 2 2 1

2 2 2 1 2 2 2 1 2 2

1 2 2 2 2 1 2 2 2 1

2 2 1 2 1 2 1 2 1 2

2 1 2 2 2 1 2 2 2 1
1 2 1 2 1 2 1 2 1 2

2 1 2 1 2 1 2 1 2 1

1 2 1 2 1 2 1 2 1 2

THETA (1 ), THETA (2 )

THETA(NBETA-I),THETA(NBETA)

(or HI(!),H2(1) ... for flat plate)

LI,L2

KGAMA

NALPHA,MATNUM(42,1,1) .... MATNUM(42,10,1
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19
18
17
16
15
14
13
12
ii
I0
9
8
7
6
5
4
3
2
1

2 1 2 1 2 1 2 1 2 1
1 2 1 2 1 2 1 2 1 2
2 1 1 1 2 1 1 1 2 1
1 2 1 2 1 2 1 2 1 2
1 1 1 1 1 1 1 1 1 1
2 1 2 1 2 1 2 1 2 1
1 1 1 1 1 1 1 1 1 1
1 2 1 1 1 2 1 1 1 2
1 1 1 2 1 1 1 2 1 1
1 1 1 1 1 2 1 1 1 1
1 1 2 1 1 1 1 1 1 1
2 1 1 1 1 1 1 1 2 1
1 1 1 1 2 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
1 1 2 1 1 i 1 2 1 1
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1

2
42 3 3 3 3 3 3 3 3 3 3
41 3 3 3 3 3 3 3 3 3 3
40 3 3 3 3 3 3 3 3 3 3
39 3 3 3 3 3 3 3 3 3 3
38 2 2 2 2 2 2 2 2 2 2
37 2 2 2 2 2 2 2 2 2 2
36 2 2 2 2 2 2 2 2 2 2
35 2 2 2 2 2 2 2 2 2 2
34 2 2 2 2 2 2 2 2 2 2
33 2 2 2 2 2 2 2 2 2 2
32 2 2 2 2 2 2 2 2 2 2
31 2 2 2 2 2 2 2 2 2 2
30 2 2 2 2 2 2 2 2 2 2
29 2 2 2 2 2 2 2 2 2 2
28 2 2 2 2 2 2 2 2 2 2
27 2 2 2 2 2 2 2 2 2 2
26 2 2 2 2 2 2 2 2 2 2
25 2 2 2 2 2 2 2 2 2 2
24 2 2 2 2 2 2 2 2 2 2
23 2 2 2 2 2 2 2 2 2 2
22 2 2 2 2 2 2 2 2 2 2
21 1 2 1 2 1 2 1 2 1 2
20 2 1 2 1 2 1 2 1 2 1
19 1 2 1 2 1 2 1 2 1 2
18 2 1 2 1 2 1 2 1 2 1
17 1 1 1 1 1 1 1 1 1 1
16 1 1 1 1 1 1 1 1 1 1
15 1 1 1 1 1 1 1 1 ! 1
14 1 1 1 1 1 1 1 1 1 1
13 1 1 1 1 1 1 1 1 1 1
12 1 1 1 1 1 1 1 1 1 1
ii 1 1 1 1 1 1 1 1 1 1
i0 1 1 1 1 1 1 ! 1 1 1
9 1 1 1 1 1 1 1 ! 1 1
8 1 1 1 1 1 1 1 1 1 1
7 1 1 1 1 1 1 1 1 1 1
6 1 1 1 1 1 1 1 1 1 1
5 1 1 1 1 1 1 1 1 1 1
4 1 1 1 1 1 1 1 1 1 1
3 1 1 1 1 1 1 1 1 1 1
2 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1

KGAMA
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Block 3

320

1.0

I000

i0 310

1

5 1

-i

0

i0 310

Block 4

320 330 630 640

3 5 8 i0

0 1 0 1

320 330 630 640

2 2 2 2 2

2 2 2 2 2

1200 1200 1200 1200 1200

1200 1200 1200 1200 1200

2 2 2 2 2

2 2 2 2 2

0 0 0 0 0

0 0 0 0 0

1 1 1 1 1

1 1 1 1 1

1 1 1 1 1

1 1 1 1 1

1 1 1 1 1

1 1 1 1 1

1 1 1 1 1

1 1 1 1 1

1 1

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0
0 0 0 0 0

0 0

1 1 1 1 1

i 1 1 1 1

1 I 1 I i
1 1 1 i 1

1 1 1 1 1

1 I 1 1 i

1 1 1 1 1

I 1 1 1 1

1 1

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0
0 0 0 0 0

NINT

DTIME

NSTEP

NPLOTI ... NPLOT6

KGAMAPLOT

NBPLOT,JBETAPLOT(1) ... JBETAPLOT(5)

ISIGNX2B(1) ... ISIGNX2B(5)

NAPLOT, IALPHAPLOT(1) ...

ISZGNXIB(1) ... ISIGNXIB(5)
NPLOTI ... NPLOT6

IGPS

NLEG

Jl

Thermal boundary conditions
LOADFZ(1) ...

... LOADFI(NBETA)

AMPFI(1) ...

... AMPFI(NBETA)

LOADRI(1) ...
... LOADRI(NBETA)

AMPRI(1) ...

... AMPRI(NBETA)

LOADF2(1) ...

.. LOADF2(NALPHA)

AMPF2(1) ...

.. AMPF2(NALPHA)

LOADR2(1) ...

.. LOADR2(NALPHA)
AMPR2(1)
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1
1
1
1
1
1
1
1
1
0
0
0
0
0
0
0
0
0

0
0
0
0

1

1

1

1

1

1

1

1

1

0

0

0

0

0

0
0

0

0

2

2

2

2

2

2

2

2

2

0

0
0

0

0
0

0

0

0

1

1

0

0

1

1

1

1

1

1

1

1

0

0

0

0

0

0

0

0

1

1

0

0

1

1

0

0

1

1

1

1

1

1

1

1

0

0

0

0

0

0

0

0

0
0
0

1

1

0

0

1

1

1
1

1

1
1

i

0

0

0

0

0

0

0

0

2

2

2

2

2

2

2

2

0

0

0

0

0

0

0

0

•.. AMPR2 (NALPHA)

Mechanical boundary conditions
LOADFI(1) . ..

•.. LOADFI (NBETA)

AMPFI(1) ...

• . . AMPFI (NBETA)

LOADFI(1) ...

•.. LOADFI (NBETA)

AMPFI(1) .•.

... AMPFI (NBETA)

LOADRI(1) ...
... LOADRI(NBETA)

AMPRI(1) ...

... AMPRI(NBETA)

LOADRI(1) ...

... LOADRI(NBETA)

AMPRI(1) ...

... AMPR!(NBETA)

LOADF2(1) ...

.. LOADF2(NALPHA)

AMPF2(1) ...

.. AMPF2(NALPHA)

LOADF2(1) ...

.. LOADF2(NALPHA)
AMPF2(1) ...

.. AMPF2(NALPHA)

45



1
1
1
1
1
1
1
1
1
0
0
0
0
0
0
0
0
0

1
1
1
1
1
1
1
1
1
0
0
0
0
0
0
0
0
0

2
2
2
2
2
2
2
2
2
0
0
0
0
0
0
0
0
0

i
i
i
i
i
i
i
i

0
0
0
0
0
0
0
0

2
2
2
2
2
2
2
2

0
0
0
0
0
0
0
0

1
i
1
1
1
1
1
i

0
0
0
0
0
0
0
0

0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0

LOADR2(1)...

LOADR2(NALPHA)

• . AMPR2(NALPHA)

LOADR2(1)...

•. LOADR(NALPHA)
AMPR2(1). ..

• . AMPR2(NALPHA)
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7.3 Appendix 3

The output file fgmc3dq.cylindrical.out generated by the input file fgmc3dq.cylindrical.data of

Appendix 2 is given below.

*****_**************************_¢*******************

** FUNCTIONALLY GRADED COMPOSITES **

* * (CYLINDRICAL COORDINATES ) * *

** IN RADIAL & ANGULAR DIRECTIONS **

** ( PERIODIC IN THE AXIAL DIRECTION ) **

** DETERMINATION OF THE BEHAVIOR OF **

** FG COMPOSITES IN TWO DIRECTIONS **

** (WITH CREEPING PHASES) **

* * PROGRAMMED BY * *

* * JACOB ABOUDI * *

** MAY 1997, JULY 1999 **

************* INPUT DATA ECHO **************

MATERIAL SPECIFICATION

NUMBER OF MATERIALS (NMAT) = 3

Tref = 0.300E+03

MATERIAL 1

DENSITY = 0.100E+01

AXIS OF S_TRY OF THE TRANSVERSELY ISOTROPIC MATERIAL IS : 1

THERM3tL CONDUCTIVITIES

KA = 0.500E+00 KT = 0.500E+00

ELASTIC CONSTANTS

EA = 0.360E+II ET = 0.360E+II GA = 0.150E+II

NUA = 0.200E+00 NUT = 0.200E+00

NO. OF TEMPS AT WHICH THE CTE ARE & CREEP ARE GIVEN = 1

TEMP # =i TEMP = 0.00E+00

CTE(AXIAL) = 0.80E-05 CTE(TRANSVERSE) = 0.80E-05

CREEP-COEFFICIENT = 0.189E-05 CREEP-POWER = 0.159E+01 ACTIVATION ENERGY = 0.277E+06
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MATERIAL 2

DENSITY = 0.100E+01

AXIS OF SYMMETRY OF THE TRANSVERSELY ISOTROPIC MATERIAL IS : 1

THERMAL CONDUCTIVITIES

KA = 0.242E+01 KT = 0.242E+01

ELASTIC CONSTANTS

EA = 0.197E+12 ET = 0.197E+12 GA = 0.788E+II

NUA = 0.250E+00 NUT = 0.250E+00

NO. OF TEMPS AT WHICH THE CTE ARE & CREEP ARE GIVEN = 1

TEMP # =I TEMP = 0.00E+00

CTE(AXIAL) = 0.IIE-04 CTE(TRANSVERSE) = 0.IIE-04

CREEP-COEFFICIENT = 0.000E+00 CREEP-POWER = 0.100E+01 ACTIVATION ENERGY = 0.100E+01

MATERIAL 3

DENSITY = 0.100E+01

AXIS OF SYMMETRY OF THE TRANSVERSELY ISOTROPIC MATERIAL IS : 1

THERMAL CONDUCTIVITIES

KA = 0.605E+02 KT = 0.605E+02

ELASTIC CONSTANTS

EA = 0.207E+12 ET = 0.207E+12 GA = 0.796E+II

NUA = 0.300E+00 NUT = 0.300E+00

NO. OF TEMPS AT WHICH THE CTE ARE & CREEP ARE GIVEN = 1

TEMP # =I TEMP = 0.00E+00

CTE(AXIAL) = 0.15E-04 CTE(TRANSVERSE) = 0.15E-04

CREEP-COEFFICIENT = 0.000E+00 CREEP-POWER = 0.100E+01 ACTIVATION ENERGY = 0.100E+0]

GEOMETRY SPECIFICATION

INNER RADIUS = R0 = 0.500E-01

NUMBER OF SUBCELLS IN THE X-I DIRECTION = 42

_ER OF SUBCELLS IN THE X-2 DIRECTION = i0

NUMBER OF CELLS IN THE X-I DIRECTION = 21

NUMBER OF CELLS IN THE X-2 DIRECTION = 5

XD( 42 ) = 0.250E-03

XD( 41 ) = 0.250E-03

XD( 40 ) = 0.250E-03

XD( 39 ) = 0.250E-03

XD( 38 ) = 0.263E-04

XD( 37 ) = 0.263E-04

XD( 36 ) = 0.263E-04
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XD

XD

XD

XD

XD

XD

XD

XD

XD

XD

XD

XD

XD

XD

XD,

XD'

XD,

XD4

XD

XD_

XD_

XD

XD

XD

XD_

XD

XD

XD

XD

XD

XD

XD

XD

XD

XD

35

34

33

32

31

30

29

28

27

26

25

24

23

22

21

20

19

18

17

16

15

14

13

12

ii

i0

9

8

7

6

5

4

3

2

1

=

=

=

=

=

=

=

=

0.263E-04

0.263E-04

0.263E-04

0.263E-04

0.263E-04

0.263E-04

0.263E-04

0.263E-04

0.263E-04

0.263E-04

0.263E-04

0.263E-04

0.263E-04

0.263E-04

0.263E-04

0.263E-04

0.263E-04

0.263E-04

0.263E-04

0.263E-04

0.263E-04

0.263E-04

0.263E-04

0.263E-04

0.263E-04

0.263E-04

0 263E-04

0 263E-04

0 263E-04

0 263E-04

0 263E-04

0 263E-04

0 263E-04

0 263E-04

0 263E-04

THETA (BETA) [deg] = 0.286E-01 0.286E-01 0.286E-01 0.286E-01 0.286E-01

0.286E-01 0.286E-01 0.286E-0! 0.286E-01 0.286E-01

LI = 0.263E-04 L2 = 0.263E-04

TOTAL THICKNESS IN THE X-I DIRECTION = 0.200E-02

TOTAL ANGULAR SPAN [DEG] = 0.287E+00

TOTAL THICKNESS IN THE X-3 DIRECTION = 0.526E-04

R0 / RADIAL THICKNESS = 0.250E+02

TOTAL VOLUME = 0.268E-I0

SUECELL MATERIAL ASSIGNMENT

GAMMA= 1

ALPHA = 42

ALPHA = 41

ALPHA = 40

ALPHA = 39

ALPHA = 38

ALPHA = 37

ALPHA = 36

ALPHA = 35

ALPHA = 34

ALPHA = 33

ALPHA = 32

ALPHA = 31

ALPHA = 30

ALPHA = 29

ALPHA = 28

ALPHA = 27

ALPHA = 26

ALPHA = 25

3333333333

3333333333

3333333333

3333333333

2222222222

2222222222

2222222222

2222222222

2212222122

2222222222

2222122222

1222222212

2212222222

2222212222

2221222122

2122212221

2221222122

1222212221
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ALPHA = 24

ALPHA = 23

ALPHA = 22

ALPHA = 21

ALPHA = 20

ALPHA = 19

ALPHA = 18

ALPHA = 17

ALPHA = 16

ALPHA = 15

ALPHA = 14

ALPHA = 13

ALPHA = 12

ALPHA = 11

ALPHA = I0

ALPHA = 9

ALPHA = 8

ALPHA = 7

ALPHA = 6

ALPHA = 5

ALPHA = 4

ALPHA = 3

ALPHA -- 2

ALPHA = 1

2212121212

2122212221

1212121212

2121212121

1212121212

2121212121

1212121212

2111211121

1212121212

1111111111

2121212121

1111111111

1211121112

1112111211

1111121111

1121111111

2111111121

1111211111

1111111111

1121111211

1111111111

11 I 1111111

1111111111

11111111 i 1

GAMMA= 2

ALPHA = 42

ALPHA = 41

ALPHA = 40

ALPHA = 39

ALPHA = 38

ALPHA = 37

ALPHA = 36

ALPHA = 35

ALPHA = 34

ALPHA = 33

ALPHA = 32

ALPHA = 31

ALPHA = 30

ALPHA = 29

ALPHA = 28

ALPHA = 27

ALPHA = 26

ALPHA = 25

ALPHA = 24

ALPHA = 23

ALPHA = 22

ALPHA = 21

ALPHA = 20

ALPHA = 19

ALPHA = 18

ALPHA = 17

ALPHA = 16

ALPHA = 15

ALPHA = 14

ALPHA = 13

ALPHA = 12

ALPHA = ii

ALPHA = i0

ALPHA -- 9

ALPHA -- 8

ALPHA -- 7

ALPHA = 6

ALPHA = 5

ALPHA = 4

ALPHA -- 3

ALPHA = 2

ALPHA = 1

3333333333

3333333333

3333333333

3333333333

2222222222

2222222222

2222222222

2222222222

2222222222

2222222222

2222222222

2222222222

2222222222

2222222222

2222222222

2222222222

2222222222

2222222222

2222222222

2222222222

2222222222

1212121212

2121212121

1212121212

2121212121

1111111111

1111111111

1111111111

1111111111

1111111111

1111111111

1111111111

1111111111

1111111111

1111 i 11111

1111111111

1111111111

1111111111

1111111111

1111111111

1111111111

1111111111



PLOTIN SUBCELLSGAMMA= 1

NO.OFPLOTTINGFIELDDISTRIBUTIONSALONGTHEXI-DIRECTIONIS :
PLOTTINGIN THEXI-DIRECTIONSTARTINGFROMXI=0 IN THE
FOLLOWINGSUBCELLS: BETA= 1 3 5 8 I0
IN THEFOLLOWINGLOCATIONS:-i 0 1 0 1

NO.OFPLOTTINGFIELDDISTRIBUTIONSALONGTHEX2-DIRECTIONIS :
PLOTTINGIN THEX2-DIRECTIONSTARTINGFROMX2=0 IN THE
FOLLOWINGSUBCELLS:ALPHA=

RESULTSAREPLOTTEDATTHEFOLLOWING6 INCREMENTS:
i0 310 320 330 630 640

NO.OFINTEGRATIONINCREMENTS
DTIME= 0.100E+01
NO.OFPRINTINGSTEPSOFTHEFIELD=
PLANESTRAINCONDITIONS
ORDEROFLEGENDREPOLYNOME= 2
NUMBEROFINTEGRATIONPOINTS= 5

= 320

i000

**************** OUTPUT*******************

MATERIAL # = 1

MATERIAL # = 2

MATERIAL # = 3

VOLUME RATIO = 0.249E+00

VOLUME RATIO = 0.246E+00

VOLUME RATIO = 0.505E+00

THE THERMAL LOADING CONDITIONS ( NSTAGE = 0 ) :

LOADFI= 2 2 2 2 2 2 2 2 2 2

AMPFI = 0.120E+04 0.120E+04 0.120E+04 0.120E+04 0.120E+04

0.120E+04 0.120E+04 0.120E+04 0.120E+04 0.120E+04

LOADRI= 2 2 2 2 2 2 2 2 2 2

AMPRI = 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00

0.000E+00 0.000E+00 O.O00E+O0 0.000E+00 0.000E+00

LOADF2= 1 1 1 1 1 1 1 1 1 1

1 1 1 1 1 1 1 i 1 1

1 1 1 1 1 1 1 1 1 1

1 1 1 1 1 1 1 i 1 1

1 1

AMPF2 = 0.000E+00 0.000E+00 0.000E+00 0.000E+00

0.000E+00 0.000E+00 0 000E+00 0.000E+00

0.000E+00 0.000E+00 0 000E+00 0.000E+00

0.000E+00 0.000E+00 0 000E+00 0.000E+00

0.000E+00 0.000E+00 0 000E+00 0.000E+00

0.000E+00 0.000E+00 0 000E+00 0.000E+00

0. 000E+00 0.000E+00 0 000E+00 0. 000E+00

0.000E+00 0.000E+00 0 000E+00 0.000E+00

0. 000E+00 0. 000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

LOADR2= 1 1 1 1 1 1 1 I 1 1

1 1 1 1 1 1 1 1 1 1

1 1 1 1 1 1 1 1 1 1

1 1 1 1 1 1 1 1 1 1

1 1

AMPR2 = 0.000E+00 0 000E+00 0.000E+00

0 000E+00 0 000E+00 0.000E+00

0 000E+00 0 000E+00 0.000E+00

0 000E+00 0 000E+00 0.000E+00

0 000E+00 0 000E+00 0.000E+00

0 O00E+O0 0 O00E+O0 O.O00E+O0

0 000E+00 0 000E+00 0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.O00E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00

0.000E+00
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0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00

0.000E+00 0.000E+00

NUMBER OF NON-ZERO ELEMENTS OF [AT] = 29848

THE THERMAL PROBLEM HAS BEEN SOLVED

THE MECHANICAL LOADING CONDITIONS (NSTAGE = l) :

LOADFI(1)= 1 1 1 1 1 1 1 1 1 1

AMPFI = 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00

0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00

LOADFI(2)= 1 1 1 1 1 1 1 1 1 1

AMPFI = 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00

0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00

LOADRI(1)= 1 1 1 1 1 1 1 1 1 1

AMPRI = 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00

0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00

LOADRI(2)= 1 1 1 1 1 1 1 1 1 1

AMPRI = 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00

0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00

AMPF2

LOADF2(1)= 1 1 1 1 1 1 1 1 1 1

1 1 1 1 1 1 1 1 1 1

1 1 1 1 1 1 1 1 1 1

1 1 ! 1 1 1 1 1 1 1

1 1

= 0. 000E+00 0 000E+00 0. 000E+00 0. 000E+00 0. 000E+00

0. 000E+00 0 000E+00 0. 000E+00 0. 000E+00 0.000E+00

0. 000E+00 0 000E+00 0. 000E+00 0. 000E+00 0. 000E+00

0.000E+00 0 000E+00 0.000E+00 0.000E+00 0.000E+00

0.000E+00 0 000E+00 0.000E+00 0.000E+00 0.000E+00

0.000E+00 0 000E+00 0.000E+00 0.000E+00 0.000E+00

0. 000E+00 0. 000E+00 0. 000E+00 0.000E+00 0.000E+00

0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00

0.000E+00 0.000E+00

LOADF2(2)= 2 2 2 2 2 2 2 2 2 2

2222222222

2222222222

2222222222

2 2

AMPF2 = 0.000E+00 0.000E+00 0.000E+00 0 000E+00 0.000E+00

0. 000E+00 0. 000E+00 0. 000E+00 0 000E+00 0. 000E+00

0.000E+00 0.000E+00 0 000E+00 0 000E+00 0.000E+00

0 000E+00 0 000E+00 0 000E+00 0 000B+00 0.000E+00

0 000E+00 0 000E+00 0 000E+00 0 000E+00 0.000E+00

0 000E+00 0 000E+00 0 000E+00 0 000E+00 0.000E+00

0 000E+00 0 000E+00 0 000E+00 0.000E+00 0.000E+00

0 000E+00 0 000E+00 0 000E+00 0.000E+00 0.000E+00

0 000E+00 0 000E+00
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AMPR2

LOADR2(1)= 1 1 1 1 1 1 1 1 ! 1

1 1 1 1 1 1 1 1 1 1

1 1 1 1 1 1 1 1 1 1

1 1 1 1 1 1 1 1 1 1

ii

= 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00

0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00

0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00

0.000E+00 0 000E+00 0.000E+00 0.000E+00 0.000E+00

0.000E+00 0 000E+00 0.000E+00 0.000E+00 0.000E+00

0.000E+00 0 000E+00 0.000E+00 0.000E+00 0.000E+00

0.000E+00 0 000E+00 0.000E+00 0.000E+00 0.000E+00

0.000E+00 0 000E+00 0.000E+00 0.000E+00 0.000E+00

0.000E+00 0 000E+00

LOADR2(2)= 2 2 2 2 2 2 2 2 2 2

2222222222

2222222222

2222222222

2 2

AMPR2 = 0. 000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00

0.000E+00 0.000E+00 0.000E+00 0 000E+00 0 000E+00

0.000E+00 0.000E+00 0.000E+00 0 000E+00 0 000E+00

0.000E+00 0.000E+00 0.000E+00 0 000E+00 0 000E+00

0.000E+00 0.000E+00 0.000E+00 0 000E+00 0 000E+00

0.000E+00 0.000E+00 0.000E+00 0 000E+00 0 000E+00

0.000E+00 0.000E+00 0.000E+00 0 000E+00 0 000E+00

0.000E+00 0.000E+00 0.000E+00 0 000E+00 0 000E+00

0.000E+00 0.000E+00

NUMBER OF NON-ZERO ELEMENTS OF [A] = 87028

INCREMENT = i TIME = 0.100E+01

BETA = 1 ISIGN = -i

XI= 0. 132E-04

XI= 0.395E-04

XI= 0.658E-04

XI= 0.921E-04

XI= 0.I18E-03

TEMPR= 0.417E+03

CREEP STRAINS= 0 000E+00 0

STRAINS= 0.138E-02 0 898E-04 -0 524E-07 -0.102E-09

779E+04 -0

131E-02 0

000E+00 0

132E÷06 -0

124E-02 0

000E+00 0

320E+06 -0

121E-02 0.459E-04 0.999E-06 -0

000E+00 0.000E+00 0.000E+00 0

343E+06 -0.343E+08 -0.358E+08 -0

I17E-02 0.385E-04 -0.341E-06 0

STRESSES= 0

TEMPR= 0.412E+03 STRAINS= 0

CREEP STRAINS= 0

STRESSES= -0

TEMPR= 0.406E+03 STRAINS= 0

CREEP STRAINS= 0

STRESSES= -0

TEMPR= 0.401E+03 STRAINS= 0

CREEP STRAINS= 0

STRESSES= 0

TEMPR= 0.396E+03 STRAINS= 0

000E+00 0

388E+08 -0

989E-04 -0

000E+00 0

367E+08 -0

868E-04 0

000E+00 0

348E+08 -0

000E+00 0.000E+00

415E+08 -0.296E+05

292E-07 0.342E-09

000E+00 0.000E+00

396E+08 0.146E+06

171E-06 -0.590E-09

000E+00 0.000E+00

376E+08 -0 674E+04

CREEP STRAINS= 0.000E+00 0.000E+00 0.000E+00 0

STRESSES= 0.I04E+07 -0.337E+08 -0.341E+08 -0

297E-09

000E+00

788E+06

153E-08

000E+00

641E+04

XI= 0.987E-03

Xl= 0.I12E-02

XI= 0.137E-02

XI= 0.162E-02

XI= 0.187E-02

TEMPR= 0.302E+03 STRAINS= 0.597E-05 0.997E-04 -0.I17E-06 0.737E-10

CREEP STRAINS= 0.000E+00 0.000E+00 0.000E+00 0.000E+00

STRESSES= -0.168E+06 0.145E+08 -0.I13E+07 0.150E+05

TEMPR= 0.301E+03 STRAINS= -0.380E-05 0.987E-04 0.373E-I0 -0.447E-09

CREEP STRAINS= 0.000E+00 0.000E+00 0.000E+00 0.000E+00

STRESSES= -0.260E+06 0.161E+08 0.344E+06 0.576E+04

TEMPR= 0.301E+03 STRAINS= -0.148E-04 0.983E-04 -0.142E-09 0.424E-09

CREEP STRAINS= 0.000E+00 0 000E+00 0 000E+00 0.000E+00

STRESSES= -0.213E+06 0 178E+08 0 214E+07 -0.177E+04

TEMPR= 0.301E+03 STRAINS= -0.255E-04 0 977E-04 -0 177E-09 -0.418E-09

CREEP STRAINS= 0.000E+00 0 000E+00 0 000E+00 0.000E+00

STRESSES= -0.984E+05 0 195E+08 0 396E+07 -0.557E+03

TEMPR= 0.300E+03 STRAINS= -0.361E-04 0 972E-04 0 740E-09 0.418E-09

CREEP STRAINS= 0.000E+00 0 000E+00 0 000E+00 0.000E+00

STRESSES= -0.497E+04 0 212E+08 0 574E+07 0.120E+04
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BETA = 3 ISIGN = 0

BETA = 5 ISIGN = 1

BETA = 8 ISIGN = 0

BETA = i0 ISIGN = 1

INC_T = i0

BETA = 1

TIME = 0.100E+02

ISIGN = -i

BETA = i0

INCREMENT = 310

BETA = 1

ISIGN = 1

TIME =

ISIGN =

0.310E+03

-I

BETA = i0

INCREMENT = 320

BETA = 1

ISIGN =

TIME =

ISIGN =

1

0.320E+03

-I

ZETA = i0 ISIGN = 1

END OF JOB
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7.4 Appendix 4

The plotting file fgmc3dq.cylindrical.plot generated by the input file fgmc3dq.cylindrical.data of

Appendix 2 is given below.

INC= 1 BETA = 1 ISIGN = -i

Xl TEMPR

0.0000E+00 0.4200E+03

0.6579E-05 0.4186E+03

0.1316E-04 0.4173E+03

0.1974E-04 0.4159E+03

0.2632E-04 0.4145E+03

0.2632E-04 0.4145E+03

0.3289E-04 0.4131E+03

0.3947E-04 0.4118E+03

0.4605E-04 0.4104E+03

0.5263E-04 0.4090E+03

U1 U2 SIGMA1

0.4429E-05 0.I075E-06 -0.4733E-0i -0

0.4438E-05 0.5376E-07 0.3994E+04 -0

0.4447E-05 0.1023E-I0 0.7787E+04 -0

0.4456E-05 -0.5375E-07 0.I138E+05 -0

0.4465E-05 -0.I075E-06 0.1477E+05 -0

0.4670E-05 -0.1076E-06 0.1453E+05 -0

0.4679E-05 -0.5383E-07 -0.5867E+05 -0

0.4687E-05 -0.3424E-I0 -0.1323E+06 -0

0.4696E-05 0.5381E-07 -0.2065E÷06 -0

0.4704E-05 0.I077E-06 -0.2810E÷06 -0

SIGMA2 SIGMA3 SIGMA12

3981E+08 -0.4252E+08 -0.1690E-02 0

3931E+08 -0.4203E÷08 -0.1482E÷05 0

3881E+08 -0.4153E+08 -0.2964E+05 0

3831E+08 -0.4103E+08 -0.4446E+05 0

3781E+08 -0.4054E+08 -0.5928E+05 0

3770E÷08 -0.4052E+08 -0.5929E+05 0

3722E+08 -0.4004E+08 0.4312E+05 0

3674E+08 -0.3956E+08 0.1455E÷06 0

3626E+08 -0.3909E+08 0.2479E+06 0

3578E+08 -0.3861E÷08 0.3502E÷06 0

EPQ

O000E÷O0

O000E+O0

0000E+00

0000E+00

0000E+00

0000E+00

0000E+00

0000E÷00

0000E+00

0000E÷00

011000E-02 0.3016E+03

0.1000E-02 0.3016E+03

0.1062E-02 0.3015E÷03

0.I125E-02 0.3014E÷03

0.I187E-02 0.3013E+03

0.1250E-02 0.3012E+03

0.1250E-02 0.3012E+03

0.1312E-02 0.3011E+03

0.1375E-02 0.3010E+03

0.1437E-02 0.3009E+03

0.1500E-02 0.3008E+03

0.1500E-02 0.3008E+03

0.1562E-02 0.3007E+03

0.1625E-02 0.3006E+03

0.1687E-02 0.3005E+03

0.1750E-02 0.3004E+03

0.1750E-02 0.3004E+03

0.1812E-02 0.3003E+03

0.1875E-02 0.3002E+03

0.1937E-02 0.3001E+03

0.2000E-02 0.3000E+03

INC= 1

0.5158E-05 0

0.5043E-05 0

0.5043E-05 0

0.5043E-05 0

0.5042E-05 -0

0.5042E-05 -0

0.5064E-05 -0

0.5063E-05 -0

0.5062E-05 -0

0.5061E-05 0

0.5060E-05 0

0.5038E-05 0

0.5037E-05 0

0.5035E-05 0

0.5034E-05 -0

0.5032E-05 -0

0.5054E-05 -0

0.5052E-05 -0

0.5050E-05 -0

0.5048E-05

0.5045E-05

.I077E-06 -0.2538E+06

.1077E-06 -0.2572E÷06

.5390E-07 -0.2573E+06

.4572E-I0 -0.2604E+06

5388E-07 -0.2666E+06

I079E-06 -0.2760E+06

I079E-06 -0.2694E+06

5399E-07 -0.2416E+06

4360E-I0 -0.2130E+06

5397E-07 -0,1836E+06

I080E-06 -0.1534E+06

I080E-06 -0.1557E÷06

5408E-07 -0.1263E+06

4311E-I0 -0.9841E÷05

5405E-07 -0.7206E+05

.I082E-06 -0.4725E+05

.I082E-06 -0.2053E+05

.5416E-07 -0.i143E+05

.4340E-I0 -0.4974E+04

0.5414E-07 -0.I165E÷04

0.I084E-06 0.5467E-01

BETA = 3 ISIGN =

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0.

0.

0.

0.

0.

1609E+08 0.4202E+06 0.I180E+05

1516E+08 -0.5681E÷06 0.I180E÷05

1561E+08 -0.II05E+06 0.8725E÷04

1607E+08 0.3439E+06 0.5755E+04

1652E÷08 0.7953E+06 0.2892E+04

1697E+08 0.1244E+07 0.1348E+03

1687E+08 0.1218E÷07 -0 2484E+03

.1733E+08 0.1679E+07 -0 )611E÷03

1779E+08 0.2141E+07 -0 1774E*04

1825E+08 0.2604E+07 -0 2689E+04

1871E+08 0.3068E+07 -0 3703E+04

1861E+08 0.3038E÷07 -0 3411E+04

1907E+08 0.3499E+07 -0 2034E÷04

1952E÷08 0.3958E+07 -0 5574E+03

1997E÷08 0.4416E+07 0 I018E÷04

2042E+08 0.4872E+07 0 2693E÷04

2039E+08 0.4870E+07 0 2811E+04

2080E+08 0.5308E+07 0 1956E÷04

2121E+08 0.5744E÷07 0 1203E+04

2162E+08 0.6177E+07 0 5514E÷03

2202E+08 0.6608E+07 -0 5931E-02

0 0000E÷00

0 0000E+00

0 0000E÷00

0 0000E÷00

0 0000E÷00

0 O000E+O0

0 0000E+00

0 0000E÷00

0 0000E+00

0 0000E+00

0 0000E+00

0 0000E+00

0 0000E+00

0 0000E+00

0 0000E+00

0 0000E+00

0 0000E+00

0 0000E+00

0 0000E+00

0 0000E+00

0 0000E+00

INC= 1 BETA = 5 ISIGN = 1

INC= 1 BETA = 8 ISIGN = 0

INC= 1 BETA = i0 ISIGN = 1

INC= i0 BETA = 1 ISIGN = -i

INC= 320 BETA = 1 ISIGN = -I

INC= 320 BETA = I0 ISIGN = 1
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7.5 Appendix 5

The input data file fgmc3dq.cylindrical.transient.data is organized into four distinct blocks, as

explained in section 3.1. The structure of the input data file, the variable names and their description read

by the program are given below. The structure is similar to that of the input data file for steady-state load-

ing described in Appendix 1, with appropriate modifications that account for an additional material

parameter for transient thermal loading (Block 1), four additional parameters that describe location and

orientation of damage in the form of a crack (Block 2), an additional parameter for simultaneous integra-

tion of the thermal and mechanical governing equations (Block 3), eqns (4) and (16), and twenty-four

additional parameters (only twelve are specified) for the boundary conditions applied to the crack faces

(Block 4). These additional parameters are highlighted for clarity.

Block 1: Material properties for NMT materials at NTEMP identical temperatures

NMAT

TREF

MNAME

RHO

ID

NTEMP

CONDA,CONDT, CVP

EA,ET,GA

FNA,FNT

IT1, TEMP

ALPHAATEMP,ALPHATTEMP

CREEPCOEFTEMP,POWERTEMP,
HCREEPTEMP

number of materials

reference temperature

begin sequential specification of different materials --> repeat NMAT times

material name

density

axis of symmetry indicator for transversely isotropic materials:
ID=I -> radial axis, ID=2 -> circumferential axis, 11)=-3 -> axial axis

number of temperatures at which CTE and creep properties are specified

axial and transverse thermal conductivities, specific heat

axial and transverse Young's moduli, and axial shear modulus

axial and transverse Poisson's ratios

begin sequential CTE and creep material property input at a given
temperature --> repeat NTEMP times

temperature number (1, 2 ..... NTEMP), temperature at which CTE and
creep properties are specified

axial and transverse thermal expansion coefficients at TEMP

creep parameters at TEMP

end of CTE and creep property input at a given temperature

end of material property input for NMAT materials at NTEMP temperatures

Note: the creep parameters are specified for the power-law model of the form given by eqns (18) and (19)
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Block 2: Specification of the cylinder geometry and architecture

R0 inner radius (R0=-0 -> flat plate option)

NALPHA,NBETA number of subcells in the radial and circumferential directions

IALPHAWI,IALPHAW2 beginning and ending _ subcells of a crack -> for a crack in the 0 direction,
IALPHAW1 is the subcell below the crack (must be even) and IALPHAW2 is
the subeell above the crack (must be odd); note that 0 is specified for both
parameters in the absence of a crack

JBETAW1,JBETAW2 beginning and ending 13 subcells of a crack -> for a crack in the 0 direction,
JBETAW1 is the left corner 13subcell (must be odd) and JBETAW2 is the right
corner 13subcell (must be even); note that 0 is specified for both parameters
in the absence of a crack

begin subcell dimensions specifications

radial subcell number, radial subcell dimensions --> repeat NALPHA times

if RO is not zero

cirumferential subcell angle --> repeat NBETA times

if RO=O

subcell dimensions in the 0 direction -->repeat NBETA/2 times

end of subcell dimensions specifications for NALPHA and NBETA subcells

subcell dimensions 11 and 12 in the out-of-plane direction

begin subcell material assignment in each of the 2 r-0 planes --> repeat 2 times

for each plane, start from the lower left corner with r (ALPHA) directed up,
and 0 (BETA) directed to the right

counter for the two planes (1 and then 2)

material assignment for the IALPHAREAD subcell --> repeat NALPHA times

counter, NALPHA x NBETA x 2 matrix containing material specification for
each subcell --> repeat NBETA times

end of subcell material assignment for NALPHA x NBETA x 2 subcells

IALPHA,XD

THETA

H1,H2

L1,L2

KGAMA

IALPHAREAD,MATNUM

Block 3: Specification of the loading and inelastic strain integration parameters, and write options

NINT number of time steps for the integration of the global system of equations for
the unknown thermal and mechanical microvariables

DTIME,DTIME_TEMP time increments for the integration of the mechanical and thermal global
systems of equations

NSTEP number of load increments between which output data is written to the
fgmc3dq, cylindrical out file
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NPLOT1......NPLOT4

KGAMPPLOT

NBPLOT,JBETAPLOT

ISIGNX2B

NAPLOT,IALPHAPLOT

ISIGNX1B

IGPS

NLEG

J1

specificationof the four times during the loading history at which output
results are written to thefgmc3dq.cylinder.plot file

r-0 plane indicator, indicates in which plane (1 or 2) output data for plotting
purposes is to be generated

number of cross sections along the radial direction in which data is to be
generated for plotting purposes, _ subcell through which data is to be
generated --> repeat JBETAPLOT NBPLOT times

specifies the location within the particular 13subcell through which data is to
be generated when N'BPLOT is not 0 (1 --> left face; 0 --> center: 2 --> right
face) --> repeat NBPLOT times

number of cross sections along the circumferential direction in which data is to
be generated for plotting purposes, a subcell through which data is to be
generated --> repeat NAPLOT times

specifies the location within the particular _ subcell through which data is to
be generated when NAPLOT is not 0 (1 --> lower face; 0 --> center: 2 -->
upper face) --> repeat NAPLOT times

plane (0) or generalized plane strain (1) condition in the out-of-plane direction

order of Legendre polynomials for approximating the inelastic subcell strains
in the three directions

number of integration points for evaluating the inelastic subcell strains in the
three directions

Block 4: Specification of thermal and mechanical boundary conditions

specification of thermal boundary conditions at the inner and outer radii -->
repeat NBETA times

LOADFT1 thermal load indicator for the boundary 13subcells at the inner radius (I ->
heat flux specified; 2 -> temperature specified)

AMPFT1 heat flux/temperature amplitude for the boundary 13subcells at the inner radius

LOADRT1 thermal load indicator for the boundary I_ subcells at the outer radius (l ->
heat flux specified; 2 -> temperature specified)

AMPRT1 heat flux/temperature amplitude for the boundary [_ subcells at the outer radius

specification of thermal boundary conditions at the left and right faces -->
repeat NALPHA times

LOADFT2 thermal load indicator for the boundary o_ subcells at the left face (1 -> heat
flux specified; 2 -> temperature specified)

AMPFI2 heat flux or temperature amplitude for the boundary ot subcells at the left face

LOADRT2 thermal load indicator for the boundary ot subcells at the right face (1 -> heat
flux specified; 2 -> temperature specified)

AMPRT2 heat flux/temperature amplitude for the boundary a subcells at the right face
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LOADWFT1

AMPWFT1

LOADWRF1

AMPWRT1

LOADWFT2

AMPWFT2

LOADWRT2

AMPWRT2

LOADFM1

AMPFM 1

LOADFM1

AMPFM1

LOADRM1

AMPRM1

LOADRM1

AMPRM1

LOADFM2

specification of thermal boundary conditions at the lower and upper faces of a
crack --> repeat NBETA times; for a circumferential crack only

thermal load indicator for the boundary _ subcells at the lower crack face (1 ->
heat flux specified; 2 -> temperature specified)

heat flux/temperature amplitude for the boundary _ subcells at the lower crack
face

thermal load indicator for the boundary 13subcells at the upper crack face (1 ->
heat flux specified; 2 -> temperature specified)

heat flux/temperature amplitude for the boundary 13subcells at the upper crack
face

specification of thermal boundary conditions at the left and right faces of a
crack--> repeat NALPHA times; for a radial crack only

thermal load indicator for the boundary cc subcells at the left crack face (1 ->
heat flux specified; 2 -> temperature specified)

heat flux/temperature amplitude for the boundary cz subcells at the left crack
face

thermal load indicator for the boundary a subcells at the right crack face (1 ->
heat flux specified; 2 -> temperature specified)

heat flux/temperature amplitude for the boundary a subcells at the right crack
face

specification of mechanical boundary conditions at the inner and outer radii
--> repeat NBETA times

mechanical load indicator for the boundary 13subcells at the inner radius (1 ->

_ specified; 2 -> Ur specified; 3 -> Our / Or)

mechanical load amplitude for the boundary 13subcells at the inner radius

mechanical load indicator for the boundary 13subcells at the inner radius (1 ->
_r0 specified; 2 -> Uo specified; 3 -> 3uo / Or)

mechanical load amplitude for the boundary 13subcells at the inner radius

mechanical load indicator for the boundary 13subcells at the outer radius (1 ->
o_r specified; 2 -> ur specified; 3 -> Our / _)

mechanical load amplitude for the boundary 13subcells at the outer radius

mechanical load indicator for the boundary 13subcells at the outer radius (1 ->
or0 specified; 2 -> u0 specified; 3 -> Duo / Dr)

mechanical load amplitude for the boundary 13subcells at the outer radius

specification of mechanical boundary conditions at the left and right faces -->
repeat NALPHA times

mechanical load indicator for the boundary 13subcells at the left face (1 -> _0,
specified; 2 -> ur specified; 3 -> Dur / 20)
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AMPFM2

LOADFM2

AMPFM2

LOADRM2

AMPRM2

LOADRM2

AMPRM2

LOADWFM1

AMPWFM1

LOADWFMI

AMPWFM1

LOADWRM1

AMPWRM1

LOADWRM 1

AMPWRM 1

LOADWFM2

AMPWFM2

LOADWFM2

AMPWFM2

LOADWRM2

AMPWRM2

mechanical load amplitude for the boundary [3 subcells at the left face

mechanical load indicator for the boundary [3 subcells at the left face (1 -> oeo
specified; 2 -> u0 specified; 3 -> SUe / D0)

mechanical load amplitude for the boundary [3subcells at the left face

mechanical load indicator for the boundary [3 subcells at the right face (1 ->
Oar specified; 2 -> Ur specified; 3 -> DUr / D0)

mechanical load amplitude for the boundary 13subcells at the right face

mechanical load indicator for the boundary 13subcells at the right face (1 ->
ao0 specified; 2 -> Uo specified; 3 -> Duo / D0)

mechanical load amplitude for the boundary _3subcells at the right face

specification of mechanical boundary conditions at the lower and upper faces
of a crack --> repeat NBETA times; for a circumferential crack only

mechanical load indicator for the boundary 13subcells at the lower crack face
(1 -> c= specified; 2 -> u_ specified; 3 -> Dur / Dr)

mechanical load amplitude for the boundary [_subcells at the lower crack face

mechanical load indicator for the boundary [3 subcells at the lower crack face
(1 -> Or0 specified; 2 -> Uo specified; 3 -> 8u e / Dr)

mechanical load amplitude for the boundary 13subcells at the lower crack face

mechanical load indicator for the boundary 13subcells at the upper crack face
(1 -> or= specified; 2 -> ur specified; 3 -> DUr / 3r)

mechanical load amplitude for the boundary [3 subcells at the upper crack face

mechanical load indicator for the boundary [3 subcells at the upper crack face
(1 -> Or0 specified; 2 -> u0 specified; 3 -> 0tt0 / 80

mechanical load amplitude for the boundary 13subcells at the upper crack face

specification of mechanical boundary conditions at the left and right faces of a
crack --> repeatNALPHA times; for a radial crack only

mechanical load indicator for the boundary [3 subcells at the left crack face (1
-> Oar specified; 2 -> ur specified; 3 -> 8u_ / D0)

mechanical load amplitude for the boundary 13subcells at the left crack face

mechanical load indicator for the boundary [_ subcells at the left crack face (1
-> ooo specified; 2 -> uo specified; 3 -> 8u0 / D0)

mechanical load amplitude for the boundary 13subcells at the left crack face

mechanical load indicator for the boundary 13subcells at the right crack face (1
-> oar specified; 2 -> ur specified; 3 -> Dur / 30)

mechanical load amplitude for the boundary [3 subcells at the right crack face
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LOADWRM2

AMPWRM2

mechanical load indicator for the boundary 13subcells at the fight crack face (1
-> _oo specified; 2 -> uo specified; 3 -> Ouo / O0)

mechanical load amplitude for the boundary 13subcells at the fight crack face
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7.6 Appendix 6

The input file fgmc3dq.cylindrical.transient.data for the case described in section 4.2.2 is given

below. The highlighted text, not to be included in the input deck, identifies the four blocks of the input

data.

Block 1

3 NMAT

300 TREF

'MATERIAL i' MNAME

6570E-09 RHO

i ID

l NTEMP

0.50E+03 0.50E+03 272.0E+06 CONDA,CONDT,CVP

36.00E+06 36.00E+06 15.00E+06 EA,ET,GA

0.20E+00 0.20E+00 FNA, FNT

1 0 IT,TEMP

8.00E-06 8.00E-06 ALPHAATEMP,ALPHATTEMP

1.lIE-01 1.59 277.00E+03 CREEPCOEFTEMP,POWERTEMP,HCREEPTEMP

'MATERIAL 2'

3000E-09

1

1

2.42E+03

197.00E+06

0.25E+00

1

II.00E-06

O.OOE+O0

2.42E+03 200.00E+06

197.00E+06 78.80E+06

0.25E+00

0

II.00E-06

1.00E+00 1.00E+O0

'MATERIAL 3'

7830E-09

1

1

60.50E+03

207.00E+06

0.30E+00

1

15.00E-06

0.00E+00

Block 2

60.50E+03 465.0E+06

207.00E+06 79.60E+06

0.30E+00

0

15.00E-06

1.00E+00 1.00E+00

50.00E+00

42 I0
0 0

0 0

42

41

4O

39

38
37

36

35
34

33

32

0.25E-0

0.25E-0

0.25E-0
0.25E-0

0.0263157E-0

0.0263157E-0
0.0263157E-0

0.0263157E-0
0.0263157E-0

0.0263157E-0

0.0263157E-0

R0

NALPHA,NBETA

IALPHAWI,IALPHAW2

JBETAWI,JBETAW2

NALPHA,XD(NALPHA)
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31
30
29
28
27
26
25
24
23
22
21
2O
19
18
17
16
15
14
13
12
Ii
i0
9
8
7
6
5
4
3
2
1

1
42
41
40
39
38
37
36
35
34
33
32
31
30
29
28
27
26
25
24
23
22

0.0263157E-0
0 0263157E-0
0 0263157E-0
0 0263157E-0
0 0263157E-0
0 0263157E-0
0 0263157E-0
0 0263157E-0
0 0263157E-0
0 0263157E-0
0.0263157E-0
0.0263157E-0
0 0263157E-0
0 0263157E-0
0 0263157E-0
0 0263157E-0
0 0263157E-0
0 0263157E-0
0.0263157E-0
0.0263157E-0
0.0263157E-0
0.0263157E-0
0.0263157E-0
0.0263157E-0
0.0263157E-0
0.0263157E-0
0.0263157E-0
0.0263157E-0
0.0263157E-0
0.0263157E-0
0.0263157E-0

0.02865 0.02865
0.02865 0.02865
0.02865 0.02865
0.02865 0.02865
0.02865 0.02865

0.0263157E-0 0.0263157E-0

3 3 3 3 3 3 3 3 3 3
3 3 3 3 3 3 3 3 3 3
3 3 3 3 3 3 3 3 3 3
3 3 3 3 3 3 3 3 3 3
2 2 2 2 2 2 2 2 2 2

2 2 2 2 2 2 2 2 2 2

2 2 2 2 2 2 2 2 2 2

2 2 2 2 2 2 2 2 2 2

2 2 1 2 2 2 2 1 2 2
2 2 2 2 2 2 2 2 2 2

2 2 2 2 1 2 2 2 2 2

1 2 2 2 2 2 2 2 1 2

2 2 1 2 2 2 2 2 2 2

2 2 2 2 2 1 2 2 2 2

2 2 2 1 2 2 2 1 2 2

2 1 2 2 2 1 2 2 2 1

2 2 2 1 2 2 2 1 2 2

1 2 2 2 2 1 2 2 2 1

2 2 1 2 1 2 1 2 1 2

2 1 2 2 2 1 2 2 2 1

1 2 1 2 1 2 1 2 1 2

THETA (1 ), THETA (2 )

THETA(NBETA-I),THETA(NBETA)

(or HI(1),H2(1) ... for flat plate)

LI,L2

KGAMA

NALPHA,MATNUM(42,1,1) .... MATNUM(42,10,1)

63



21

2O

19

18

17

16

15

14

13

12

ii

i0

9

8
7

6

5

4

3

2

1

2 1 2 1 2 1 2 1 2 1

1 2 1 2 1 2 1 2 1 2

2 1 2 1 2 1 2 1 2 1
1 2 1 2 1 2 1 2 1 2

2 1 1 1 2 1 1 1 2 1

1 2 1 2 1 2 1 2 1 2

1 1 1 1 1 1 1 1 1 1

2 1 2 1 2 1 2 1 2 1

1 1 1 1 1 1 1 1 1 1

1 2 1 1 1 2 1 1 1 2

1 1 1 2 1 1 1 2 1 1

1 1 1 1 1 2 1 1 1 1

1 1 2 1 1 1 1 1 1 1

2 1 1 1 1 1 1 1 2 1

1 1 1 ! 2 1 1 1 1 1

1 1 1 ! 1 1 1 1 1 1

1 1 2 1 1 1 1 2 1 1

1 1 1 1 1 1 1 1 1 1

1 1 1 1 1 1 1 1 1 1

1 1 1 1 1 1 1 1 1 1

1 1 1 1 1 1 1 1 1 1

2

42 3 3 3 3 3 3 3 3 3 3

41 3 3 3 3 3 3 3 3 3 3

40 3 3 3 3 3 3 3 3 3 3

39 3 3 3 3 3 3 3 3 3 3

38 2 2 2 2 2 2 2 2 2 2

37 2 2 2 2 2 2 2 2 2 2

36 2 2 2 2 2 2 2 2 2 2

35 2 2 2 2 2 2 2 2 2 2

34 2 2 2 2 2 2 2 2 2 2

33 2 2 2 2 2 2 2 2 2 2

32 2 2 2 2 2 2 2 2 2 2

31 2 2 2 2 2 2 2 2 2 2

30 2 2 2 2 2 2 2 2 2 2

29 2 2 2 2 2 2 2 2 2 2

28 2 2 2 2 2 2 2 2 2 2

27 2 2 2 2 2 2 2 2 2 2

26 2 2 2 2 2 2 2 2 2 2

25 2 2 2 2 2 2 2 2 2 2

24 2 2 2 2 2 2 2 2 2 2

23 2 2 2 2 2 2 2 2 2 2

22 2 2 2 2 2 2 2 2 2 2

21 1 2 1 2 1 2 1 2 1 2

20 2 1 2 1 2 1 2 1 2 1

19 1 2 1 2 1 2 1 2 1 2

18 2 1 2 1 2 1 2 1 2 1

17 1 1 1 1 1 1 1 1 1 1

16 1 1 1 1 1 1 1 1 1 1

15 1 1 1 1 1 1 1 1 1 1

14 1 1 1 1 1 1 1 1 1 1

13 1 1 1 1 1 1 1 1 1 1

12 1 1 1 1 1 1 1 1 1 1

Ii 1 1 1 1 1 1 1 1 1 1

i0 1 1 1 1 1 1 1 1 1 1
9 1 1 1 1 1 1 1 1 1 1

8 1 1 1 1 1 1 1 1 1 1

7 1 1 1 1 1 1 1 1 1 1

6 1 1 1 1 1 1 1 1 1 1

5 1 1 1 1 1 1 1 1 1 1
4 1 1 1 1 1 1 1 1 1 1

3 1 1 1 1 1 1 1 1 1 1

2 1 1 1 1 1 1 1 1 1 1

KGAMA
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1

Block 3

1 1 1 1 1 1 1 1 1 1

i000

0.01 0.001

I00

1 i0 I00 i000

1

5 1 3 5 8 i0

-i 0 1 0 1

0

0

2

5

Block 4

2 2 2 2 2

2 2 2 2 2

1200 1200 1200 1200 1200

1200 1200 1200 1200 1200

2 2 2 2 2

2 2 2 2 2

0 0 0 0 0

0 0 0 0 0

1 1 1 1 1

1 1 1 1 1

1 1 1 1 1

1 1 1 1 1

1 1 1 1 1

1 1 1 1 1

1 1 1 1 1

1 1 1 1 1

1 1

0 0 0 0 0
0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0
0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0

1 1 1 1 1

1 1 1 1 !

1 1 1 1 1

I 1 1 1 1

1 1 1 1 1

1 1 1 1 1
i 1 1 1 1

1 1 1 1 1

1 1
0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0

NINT
DTIME,DTIME_TEMP

NSTEP

NPLOTI ... NPLOT4

KGAMAPLOT
NBPLOT,JBETAPLOT(1) --- JBETAPLOT(5)

ISIGNX2B(1) ..- ISIGNX2B(5)

NAPLOT,IALPHAPLOT(1) .--

IGPS

NLEG

Jl

External thermal boundary conditions

LOADFI(1) ...
... LOADFI(NBETA)

AMPFI(1) ...
... AMPFI(NBETA)

LOADRI(1) ...
... LOADRI(NBETA)

AMPR!(1) ...

... AMPRI(NBETA)

LOADF2(1) ...

... LOADF2(NALPHA)

AMPF2(1) ...

.. AMPF2(NALPHA)

LOADR2(1) ...

.. LOADR2(NALPHA)

AMPR2(1)

• . AMPR2 (NALPHA)
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1
1
0
0

1
1
0
0

1 1 1 1 1
1 1 1 1 1
0 0 0 0 0
0 0 0 0 0

1 1 1 1 1
1 1 1 1 1
0 0 0 0 0
0 0 0 0 0

I I i i i
I i I i I

0 0 0 0 0

0 0 0 0 0

1 1 1 1 1

1 1 1 1 1

1 1 1 1 1

1 1 1 1 1

1 1 1 1 1

1 1 1 1 1

1 1 1 1 1

1 1 1 1 1

1 1
0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0

2 2 2 2 2

2 2 2 2 2
2 2 2 2 2

2 2 2 2 2

2 2 2 2 2

2 2 2 2 2

2 2 2 2 2

2 2 2 2 2

2 2

0 0 0 0 0

0 0 0 0 0
0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0

1 1 1 1 1

1 1 1 1 1
1 1 1 1 1

1 1 1 1 1

1 1 1 1 1

External mechanical boundary conditions

LOADFI(1) ...
... LOADFI(NBETA)

AMPFI(1) ...
... AMPFI(NBETA)

LOADFI(1) ...
... LOADFI(NBETA)

AMPFI(1) ...
... AMPFI(NBETA)

LOADRI(1) ...
... LOADRI(NBETA)

AMPRI(1) ...

... AMPRI(NBETA)

LOADRI(1) ...

... LOADRI(NBETA)

AMPRI(1) ...
... AMPRI(NBETA)

LOADF2(1) ...

.. LOADF2(NALPHA)

AMPF2(1) ...

.. AMPF2(NALPHA)

LOADF2(1) ...

... LOADF2(NALPHA)

AMPF2(1) ...

.. AMPF2(NALPHA)

LOADR2(1) ...



2

2

2

2

2

2

2

2

0

0

0

0

0

0

0
0

•.. LOADR2 (NALPHA)

AMPR2(1) ...

• . AMPR2 (NALPHA)

LOADR2(1) . ..

•. LOADR(NALPHA)

AMPR2(1) . ..

• . AMPR2 (NALPHA)
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7.7 Appendix 7

This appendix describes the work performed under the grant NAG3-2252 during the FY99 funding

period. It is included in the final report for the contract NAS3-97190 in order to avoid unnecessary repeti-

tion as-the work performed under this grant involved the extension of the work performed under the

above contract.
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7.7.1 SUMMARY

This report summarizes the work performed under the grant NAG3-2252 during the FY99 funding

period. The objective was to extend the theory, and the related computer codes, for the analysis, optimiza-

tion and design of cylindrical functionally graded materials/structural components for use in advanced

aircraft engines (e.g., combustor linings, rotor disks, heat shields, blisk blades), developed under the con-

tract NAS3-97190, as described in the main body of the report. This extension involved modification of

the theoretical formulation of the developed two-dimensional version of the higher-order theory in

cylindrical coordinates, and one of the computer codes, in order to accommodate the presence of channels

or holes. This extension considerably broadens the theory's range of practical applications by enabling

the analysis and design of internally-cooled, functionally graded cylindrical structural components.

Applications involving advanced turbine blades and structural components for the reusable-launch vehi-

cle (RLV) currently under development will benefit from the completed work.

7.7.2 PROJECT DESCRIPTION

The incorporation of the cooling-channel capability into the cylindrical higher-order theory

involved the modification of the traction, displacement, temperature and heat flux continuity conditions

across the boundaries defining the channel geometry, which would otherwise separate the interior subvo-

lumes of the functionally graded material microstructure in the absence of the channel. These interior

boundaries have been treated in the same manner as the exterior boundaries, with the above continuity

conditions replaced by the corresponding interior boundary conditions. This replacement, in turn, modi-

fies the way that the two global systems of equations, eqns (4) and (16) described in section 2.1 of the

main body of the report, for the unknown thermal and displacement microvariables in the individual sub-

volumes,

"i"=T(T,t) = AT(t) + 6(0

KU=f+g

are constructed and assembled. Efficient ways of assembling these reformulated equations have been

implemented in order to facilitate the construction of the input data file for the related computer code. In

fact, it was possible to incorporate the internal cooling channel capability into the analytical formulation

and the developed computer code in a way that only slightly modifies the construction of the data file

employed for the code without the internal cooling channel capability. For this reason, the two codes have

been combined into the single code fgmc3dq.cylinder.transient.f described in the main body of the report.

Further, by setting certain parameters that define the cooling channel geometry appropriately, damage in

the form of radial or circumferential cracks can be accommodated efficiently within the same code, as

required by the contract NAS3-97190.
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7.7.3APPLICATIONS

In orderto demonstratethe internalcoolingchannelcapabilityincorporatedinto thecylindrical
two-dimensionalhigher-ordertheoryandtherelatedcomputercode,theproblemdescribedin section4.2

dealing with a functionally graded TBCs subjected to Heaviside type thermal loading was investigated in

the presence of a cooling channel. The TBC geometry was modified to include a cooling channel whose

dimensions and location are shown in Figure A7.1. The boundaries of the cooling channel were main-

tained at room temperature and kept traction free, while the external loading was identical to the problem

of section 4.2. The construction of the input data file fgmc3dq.cylinder.transient.data in the presence of

the cooling channel is similar to the corresponding problem in the absence of the cooling channel. The

differences are explained in section 7.7.4 while the affected sections of the actual data file are given in

section 7.7.5. The format of the fgmc3dq.cylinder.transient.out and fgmc3dq.cylinder.transient.plot files

is essentially the same as the format of the corresponding files in the absence of the cooling channel, with

appropriate modifications in the fgmc3dq.cylinder.transient.out file that reflect the presence of the cool-

ing channel and the related internal boundary conditions.

For efficient analysis of the genarated results, output is also written to PATRAN files that can then

be quickly plotted using the MACPOST code developed at the NASA-Glenn Research Center. Figures

A7.2 and A7.3 show the temperature and 600 distributions generated using MACPOST at three different

times during the thermal loading history for the TBC with an internal cooling channel. The corresponding

distributions in the absence of the cooling channel are shown in Figures A7.4 and A7.5. Comparison of

Figures A7.2 and A7.4 demonstrates the significant shielding effect that the presence of the cooling chan-

nel has on the temperature distribution within the functionally graded coating. This shielding effect also

has a substantial impact on the resulting t_00 distribution as observed by comparing Figures A7.3 and

A7.5.
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Figure A7.1. Repeating cross section element of a cylindrical structural component with (left) and

without (right) a cooling channel in the functionally graded thermal barrier coating.
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Figure A7.2. PATRAN-generated transient temperature distributions in the TBC with an internal cooling

channel at t = 0.01 (left), 1.0 (middle), and 10 (right) seconds due to Heaviside thermal loading on the

ceramic-rich surface.

73



MPa xl 0 3

300000.

230000.

160000.

90000.

20000.

-50000.

-120000.

-190000.

-260000.

-330000.

-400000.

-470000.

-540000.

-610000.

-680000.

-750000.

1110

Figure A7.3. PATRAN-generated transient cY00distributions in the TBC with an internal cooling channel

at t = 0.01 (left), 1.0 (middle), and 10 (right) seconds due to Heaviside thermal loading on the ceramic-

rich surface.
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Figure A7.4. PATRAN-generated transient temperature distributions in the TBC without an internal cool-

ing channel at t = 0.01 (left), 1.0 (middle), and 10 (right) seconds due to Heaviside thermal loading on the

ceramic-rich surface.
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Figure A7.5. PATRAN-generated transient ere0 distributions in the TBC without an internal cooling chan-

nel at t = 0.01 (left), 1.0 (middle), and 10 (right) seconds due to Heaviside thermal loading on the

ceramic-rich surface.
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7.7.4 Construction of the input data file

The input data file fgmc3dq.cylindrical.transient.data that accounts for the presence of an internal

cooling channel is organized in the same manner as the input data file described in Appendix 5 which

accounts for the presence of an internal crack. There are some notable differences, however, with regard

to how some of the parameters are specified. These parameters reside in Blocks 2 and 4, and the manner

of specifying them is explained below. Blocks 1 and 3 remain unchanged.

Block 2: Specification of the cylinder geometry and architecture

R0

NALPHA,NBETA

IALPHAW 1,IALPHAW2

JBETAW 1,JBETAW2

IALPHA,XD

THETA

H1,H2

L1,L2

KGAMA

IALPHAREAD,MATNUM

inner radius (R0=0 -> fiat plate option)

number of subcells in the radial and circumferential directions

beginning and ending _ subcells of a cooling channel -> IALPHAWl
specifies the first empty ¢x subcell (must be odd) and IALPHAW2 specifies the
last empty o_subcell (must be even)

beginning and ending [_ subcells of a cooling channel -> JBETAW1 specifies
the first empty 13 subcell (must be odd) and JBETAW22 specifies the last
empty [3 subcell (must be even)

begin subcell dimensions specifications

radial subcell number, radial subcell dimensions --> repeat NALPHA times

if RO is not zero

cirumferential subcell angle --> repeat NBETA times

if Ro=o

subcell dimensions in the 0 direction -->repeat NBETA/2 times

end of subcell dimensions specifications for NALPHA and NBETA subceUs

subcell dimensions il and 12 in the out-of-plane direction

begin subcell material assignment in each of the 2 r-0 planes --> repeat 2 times

for each plane, start from the lower left corner with r (ALPHA) directed up,
and 0 (BETA) directed to the right

counter for the two planes (1 and then 2)

material assignment for the IALPHAREAD subcell --> repeat NALPHA times

counter, NALPHA x NBETA x 2 matrix containing material specification for
each subcell --> repeat NBETA times; note that subeells that compose a
cooling channel are given the material assignment 0

end of subcell material assignment for NALPHA × NBETA x 2 subcells
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Block 4: Specification of the thermal and mechanical boundary conditions

specification of thermal boundary conditions at the inner and outer radii -->
repeat NBETA times

LOADFT1 thermal load indicator for the boundary [3 subcells at the inner radius (1 ->
heat flux specified; 2 -> temperature specified)

AMPFT1 heat flux/temperature amplitude for the boundary [3 subcells at the inner radius

LOADRT1 thermal load indicator for the boundary _ subcells at the outer radius (1 ->
heat flux specified; 2 -> temperature specified)

AMPRT1 heat flux/temperature amplitude for the boundary [3 subcells at the outer radius

specification of thermal boundary conditions at the left and right faces -->
repeat NALPHA times

LOADFI'2 thermal load indicator for the boundary ct subcells at the left face (1 -> heat
flux specified; 2 -> temperature specified)

AMPFI'2 heat flux/temperature amplitude for the boundary t_ subcells at the left face

LOADRT2 thermal load indicator for the boundary ct subcells at the right face (1 -> heat
flux specified; 2 -> temperature specified)

AMPRT2 heat flux/temperature amplitude for the boundary t_ subcells at the right face

specification of thermal boundary conditions at the lower and upper faces of a
cooling channel --> repeat NBETA times

LOADWFT1 thermal load indicator for the boundary [3 subcells at the lower face of a
cooling channel (1 -> heat flux specified; 2 -> temperature specified)

AMPWFT1 heat flux/temperature amplitude for the boundary [3 subcells at the lower face
of a cooling channel

LOADWRF1 thermal load indicator for the boundary [3 subcells at the upper face of a
cooling channel (1 -> heat flux specified; 2 -> temperature specified)

AMPWRT1 heat flux/temperature amplitude for the boundary [_ subcells at the upper face
of a cooling channel

specification of thermal boundary conditions at the left and right faces of a
cooling channel --> repeat NALPHA times

LOADWFT2 thermal load indicator for the boundary o_ subcells at the left face of a cooling
channel (1 -> heat flux specified; 2 -> temperature specified)

AMPWFT2 heat flux/temperature amplitude for the boundary ot suboells at the left face of
a cooling channel

LOADWRT2 thermal load indicator for the boundary tx subcells at the right face of a
cooling channel (1 -> heat flux specified; 2 -> temperature specified)

AMPWRT2 heat flux/temperature amplitude for the boundary ct subcells at the right face
of a cooling channel
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LOADFMI

AMPFM1

LOADFM1

AMPFM1

LOADRM1

AMPRM1

LOADRM1

AMPRM1

LOADFM2

AMPFM2

LOADFM2

AMPFM2

LOADRM2

AMPRM2

LOADRM2

_P_2

LOADWFM 1

AMPWFM1

LOADWFM1

specification of mechanical boundary conditions at the inner and outer radii
--> repeat NBETA times

mechanical load indicator for the boundary [3 subcells at the inner and outer
radii (1 -> (rrr specified; 2 -> Ur specified; 3 -> Our /ar)

mechanical load amplitude for the boundary _ subcells at the inner radius

mechanical load indicator for the boundary 13subceUs at the inner radius (1 ->
_ro specified; 2 -> uo specified; 3 -> 0u0 / 0r)

mechanical load amplitude for the boundary [3 subcells at the inner radius

mechanical load indicator for the boundary [3 subcells at the outer radius (1 ->
Orr specified; 2 -> u r specified; 3 -> OUr / 0r)

mechanical load amplitude for the boundary 13subcells at the outer radius

mechanical load indicator for the boundary 15subcells at the outer radius (1 ->
OrOspecified; 2 -> u0 specified; 3 -> 0Uo / Or)

mechanical load amplitude for the boundary j3subcells at the outer radius

specification of mechanical boundary conditions at the left and right faces -->
repeat NALPHA times

mechanical load indicator for the boundary [_ subcells at the left face (1 -> _0_
specified; 2 -> Ur specified; 3 -> Our / 30)

mechanical load amplitude for the boundary J3subcells at the left face

mechanical load indicator for the boundary I] subcells at the left face (1 -> _0o
specified; 2 -> u0 specified; 3 -> 3uo / 30)

mechanical load amplitude for the boundary [5 subcells at the left face

mechanical load indicator for the boundary [3 subceUs at the fight face (1 ->
_0r specified; 2 -> Ur specified; 3 -> OUr / 30)

mechanical load amplitude for the boundary [3 subcells at the right face

mechanical load indicator for the boundary 1_ subcells at the right face (1 ->
c00 specified; 2 -> u0 specified; 3 -> 3us / 30)

mechanical load amplitude for the boundary [3 subcells at the right face

specification of mechanical boundary conditions at the lower and upper faces
of a cooling channel --> repeat NBETA times

mechanical load indicator for the boundary [3 subcells at the lower face of a
cooling channel (I -> ar_ specified; 2 -> u r specified; 3 -> 3ur / Or)

mechanical load amplitude for the boundary [3 subcells at the lower face of a
cooling channel

mechanical load indicator for the boundary 13 subcells at the lower face of a
cooling channel (1 -> _ro specified; 2 -> ue specified; 3 -> 3uo / &')
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AMPWFM1

LOADWRM1

AMPWRMI

LOADWRM1

AMPWRM1

LOADWFM2

AMPWFM2

LOADWFM2

AMPWFM2

LOADWRM2

AMPWRM2

LOADWRM2

AMP_fl_VI2

mechanical load amplitude for the boundary _ subcells at the lower face of a
cooling channel

mechanical load indicator for the boundary [3 subcells at the upper face of a
cooling channel (1 -> %r specified; 2 -> ur specified; 3 -> Our / Dr)

mechanical load amplitude for the boundary _ subcells at the upper face of a
cooling channel

mechanical load indicator for the boundary 13subcells at the ul_per face of a
cooling channel (1 -> Or0 specified; 2 -> u0 specified; 3 -> DUo/dr)

mechanical load amplitude for the boundary _ subcells at the upper face of a
cooling channel

specification of mechanical boundary conditions at the left and right faces of a
cooling channel --> repeat NALPHA times

mechanical load indicator for the boundary [3 subcells at the left face of a
cooling channel (I -> aor specified; 2 -> ur specified; 3 -> _ur /D0)

mechanical load amplitude for the boundary [3 subcells at the left face of a
cooling channel

mechanical load indicator for the boundary 13 subcells at the left face of a
cooling channel (1 -> Gee specified; 2 -> ue specified; 3 -> 3u0 / D0)

mechanical load amplitude for the boundary [3 subcells at the left face of a
cooling channel

mechanical load indicator for the boundary [$ subcells at the right face of a
cooling channel (1 -> a0r specified; 2 -> ur specified; 3 -> 3ur / a0)

mechanical load amplitude for the boundary 13subcells at the right face of a
cooling channel

mechanical load indicator for the boundary _ subceUs at the right face of a
cooling channel (1 -> aoe specified; 2 -> ue specified; 3 -> Due /DO)

mechanical load amplitude for the boundary l] subcells at the right face of a
cooling channel
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7.7.5 Example of the input data file

The input file fgmc3dq.cylindrical.transient.data for the case described in section 7.7.3 is given

below. The highlighted text, not to be included in the input deck, identifies the four blocks of the input

data.

Block 1

3 NMAT

300 TREF

'MATERIAL i' FINAME

6570E-09 RHO

1 ID
1 NTEMP

0.50E+03 0.50E+03 272.0E+06 CONDA, CONDT,CVP

36.00E+06 36.00E+06 15.00E+06 EA, ET,GA

0.20E+00 0.20E+00 FNA,FNT

! 0 IT,TEMP

8.00E-06 8.00E-06 ALPHAATEMP,ALPHATTEMP

I.IIE-0i 1.59 277.00E+03 CREEPCOEFTEMP,POWERTEMP,HCREEPTEMP

'MATERIAL 2'

3000E-09

1

1
2.42E+03

197.00E+06

0.25E+00

1

II.00E-06

0.00E+00

2.42E+03 200.00E+06

197.00E+06 78.80E+06

0.25E+00

0

II.00E-06

1.00E+00 1.00E+00

'MATERIAL 3'

7830E-09

1

1

60.50E+03

207.00E+06

0.30E+00

1

15.00E-06

0.00E+00

60.50E+03 465.0E+06

207.00E+06 79.60E+06

0.30E÷00

0
15.00E-06

1.00E+00 1.00E+00

Block 2

50.00E+00

42 i0

23 26

3 8

42

41

4O

39
38

37

36

35

34

33

32

0.25E-0

0.25E-0

0.25E-0

0.25E-0

0.0263157E-0

0.0263157E-0

0.0263157E-0

0.0263157E-0

0.0263157E-0

0.0263157E-0

0.0263157E-0

R0

NALPHA,NBETA
IALPHAWI,IALPHAW2

JBETAWI,JBETAW2

NALPHA,XD(NALPHA)
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31

3O

29

28

27

26

25

24

23

22

21

20

19

18

17

16

15

14

13

12

ii

i0

9

8

7

6

5

4

3

2

1

1

42

41

40

39

38

37

36

35

34
33

32

31

30

29

28

27

26

25

24

23

22

0.0263157E-0

0.0263157E-0
0.0263157E-0

0 0263157E-0

0 0263157E-0

0 0263157E-0

0 0263157E-0

0 0263157E-0

0 0263157E-0
0.0263157E-0

0.0263157E-0

0 0263157E-0

0 0263157E-0

0 0263157E-0

0 0263157E-0

0 0263157E-0

0 0263157E-0

0 0263157E-0

0 0263157E-0

0.0263157E-0

0.0263157E-0

0.0263157E-0

0 0263157E-0

0 0263157E-0
0 0263157E-0

0 0263157E-0

0 0263157E-0

0 0263157E-0
0 0263157E-0

0.0263157E-0

0.0263157E-0

0.02865 0.02865

0.02865 0.02865

0.02865 0.02865

0.02865 0.02865

0.02865 0.02865

0.0263157E-0 0.0263157E-0

3 3 3 3 3 3 3 3 3 3

3 3 3 3 3 3 3 3 3 3

3 3 3 3 3 3 3 3 3 3

3 3 3 3 3 3 3 3 3 3

2 2 2 2 2 2 2 2 2 2

2 2 2 2 2 2 2 2 2 2

2 2 2 2 2 2 2 2 2 2

2 2 2 2 2 2 2 2 2 2

2 2 1 2 2 2 2 1 2 2

2 2 2 2 2 2 2 2 2 2

2 2 2 2 1 2 2 2 2 2

1 2 2 2 2 2 2 2 1 2
2 2 1 2 2 2 2 2 2 2

2 2 2 2 2 1 2 2 2 2
2 2 2 1 2 2 2 1 2 2

2 1 2 2 2 1 2 2 2 1

2 2 0 0 0 0 0 0 2 2
1 2 0 0 0 0 0 0 2 1

2 2 0 0 0 0 0 0 1 2

2 1 0 0 0 0 0 0 2 1

1 2 1 2 1 2 1 2 1 2

THETA (1 ), THETA (2 )

THETA(NBETA-I),THETA(NBETA)

(or HI(1),H2(1) ... for flat plate)

LI,L2

KGAMA

NALPHA,MATNUM(42,1,1) .... MATNI/M(42,10,1



21
20
19
18
17
16
15
14
13
12
Ii
I0
9
8
7
6
5
4
3
2
1

2
42
41
40
39
38
37
36
35
34
33
32
31
30
29
28
27
26
25
24
23
22
21
20
19
18
17
16
15
14
13
12
ii
i0
9
8
7
6
5
4
3
2

2 1 2 1 2 1 2 1 2 1
1 2 1 2 1 2 1 2 1 2
2 1 2 1 2 1 2 1 2 1
1 2 1 2 1 2 1 2 1 2
2 1 1 1 2 1 1 1 2 1
1 2 1 2 1 2 1 2 1 2
1 1 1 1 1 1 1 1 1 1
2 1 2 1 2 1 2 1 2 1
1 1 1 1 1 1 1 1 1 1
1 2 1 1 1 2 1 1 1 2
1 1 1 2 1 1 1 2 1 1
1 1 ! 1 1 2 1 1 1 1
1 1 2 1 1 1 1 1 1 1
2 1 1 1 1 1 1 1 2 1
1 1 1 1 2 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
1 1 2 1 1 1 1 2 1 !
1 1 1 1 1 1 1 1 1 !
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1

3 3 3 3 3 3 3 3 3 3
3 3 3 3 3 3 3 3 3 3
3 3 3 3 3 3 3 3 3 3
3 3 3 3 3 3 3 3 3 3
2 2 2 2 2 2 2 2 2 2

2 2 2 2 2 2 2 2 2 2

2 2 2 2 2 2 2 2 2 2

2 2 2 2 2 2 2 2 2 2

2 2 2 2 2 2 2 2 2 2

2 2 2 2 2 2 2 2 2 2

2 2 2 2 2 2 2 2 2 2

2 2 2 2 2 2 2 2 2 2

2 2 2 2 2 2 2 2 2 2

2 2 2 2 2 2 2 2 2 2

2 2 2 2 2 2 2 2 2 2

2 2 2 2 2 2 2 2 2 2

2 2 0 0 0 0 0 0 2 2

2 2 0 0 0 0 0 0 2 2

2 2 0 0 0 0 0 0 2 2

2 2 0 0 0 0 0 0 2 2

2 2 2 2 2 2 2 2 2 2

1 2 1 2 1 2 1 2 1 2

2 1 2 1 2 1 2 1 2 1

1 2 1 2 1 2 1 2 1 2

2 1 2 1 2 1 2 1 2 1

1 1 1 1 1 1 1 1 1 1

1 1 1 1 1 1 1 1 1 1

1 1 1 1 1 1 1 1 ! 1

1 1 1 1 1 1 1 1 1 1

1 1 1 1 1 1 1 1 1 1

1 1 1 1 1 1 1 1 1 1

1 1 1 1 1 1 1 1 1 1

1 1 1 1 1 1 1 1 1 1

1 1 1 1 1 1 1 1 1 1

1 1 1 1 1 1 1 1 1 1

1 1 1 1 1 1 1 1 1 1

1 1 1 1 1 1 1 1 1 1

1 1 1 1 1 1 1 1 1 1

1 1 1 1 1 1 1 1 1 1

1 1 1 1 1 1 1 1 1 1

1 1 1 1 1 1 1 1 1 1

KGAMA
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1

Block 3

1 1 1 1 1 1 1 1 1 1

I000

0.01

i00

1 i0

1

5 1

-i 0

0

0

2

5

Block 4

0.001

i00 !000

3 5 8 I0

1 0 1

2 2 2 2 2

2 2 2 2 2

1200 1200 1200 1200 1200

1200 1200 1200 1200 1200

2 2 2 2 2

2 2 2 2 2

0 0 0 0 0

0 0 0 0 0

1 1 1 1 1
1 1 1 1 1

1 1 1 1 1

1 1 1 1 1

1 1 1 1 1

1 1 1 1 1

1 1 1 1 1

1 1 1 1 !

1 1

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0

1 1 1 1 1

1 1 1 1 1

1 1 1 1 1

1 1 1 1 1

1 1 1 1 1

1 1 1 1 1

1 1 1 1 1

1 1 1 1 1

1 1
0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0

NINT

DTIME,DTIME_TEMP
NSTEP

NPLOTI ... NPLOT4

KGAMAPLOT

NBPLOT,JBETAPLOT(1) ... JBETAPLOT(5)

ISIGNX2B(1) ... ISIGNX2B(5)

NAPLOT, IALPHAPLOT(1) ...
IGPS

NLEG

Jl

External thermal boundary conditions

LOADFI(1) ...

... LOADFI(NBETA)

AMPFI(1) ...

... AMPFI(NBETA)

LOADRI(1) ...

... LOADRI(NBETA)

AMPRI(1) ...

... AMPRI(NBETA)

LOADF2(1) ...

.. LOADF2(NALPHA)

AMPF2(1) ...

.. AMPF2(NALPHA)

LOADR2(1) ...

LOADR2 (NALPHA )

•. AMPR2 (NALPHA)
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1
1
1
1
1
1
1
1
1
0
0
0
0
0
0
0
0
0

1
1
1
1
1
1
1
!

0
0
0
0
0
0
0
0

2
2
2
2
2
2
2
2

0
0

2
0
2
0

i
1
0
0

1
1
0
0

1
1
0
0

Windowthermal boundary conditions
LOADWFTI(JBETAWI)... LOADWFTI(JBETAW2)
AMPWFTI(JBETAWI)... AMPWFTI(JBETAW2)
LOADWRTI(JBETAWI)... LOADWRTI(JBETAW2)
AMPWRTI(JBETAWI)... AMPWRTI(JBETAW2)

LOADWFT2(IALPHAWI)... LOADWFT2(IALPHAW2)
AMPWFT2(IALPHAWI)... AMPWFT2(IALPHAW2)

LOADWRT2IALPHAWI)... LOADWRFT2(IALPHAW2
AMPWRT2(IALPHAWI)... AMPWRT2(IALPHAW2)

External mechanical boundary conditions
LOADFI(I ...
... LOADFI(NBETA)
AMPFI(1) ...
... AMPFI(NBETA)

LOADFI(I ...
... LOADFI(NBETA)
AMPFI(1) ...
... AMPFI(NBETA)

LOADRI(I ...
... LOADRI(NBETA)
AMPRI(1) ..o
... AMPRI(NBETA)

LOADRI(I ...
... LOADRI(NBETA)
AMPRI(1) ...
... AMPRI(NBETA)

LOADF2(I . ..

.. LOADF2(NALPHA)

AMPF2(1) ...

.. AMPF2(NALPHA)

LOADF2(1) ...

.. LOADF2(NALPHA)

AMPF2(1) ...
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2
2
2
2
2
2
2
2

2
0
0

0
0
0
0
0
0

0

1
0

2
2
2
2
2
2
2
2
2
0
0
0
0
0
0
0
0
0

1

2
2
2
2
2
2
2

2

0
0
0
0
0
0
0
0

1

1

1

1

1

1

1

1

0

0

0

0

0

0

0

0

i

0
1

0

1
0

1
0

• . AMPF2 (NALPHA)

LOADR2(1) ...

•. LOADR2 {NALPHA)

AMPR2(1) ...

•. AMPR2 (NALPHA)

LOADR2(1) .. •

LOADR (NALPHA)
ll) ...

• . AMPR2 (NALPHA)

Window mechanical

LOADWFMI(JBETAWI)

AMPWFMI(JBETAW1)

LOADWFMI(JBETAWI)

AMPWFMI(JBETAWI)

LOADWRMI(JBETAWI)

AMPWRMI(JBETAWI)

LOADWRMI (JBETAWI)

AMPWRMI (JBETAWI )

LOADWFM2(JBETAWI)

AMPWFM2(JBETAW1)

LOADWFM2(JBETAWI)

boundary conditions

... LOADWFMI(JBETAW2)

... AMPWFMI(JBETAW2)

... LOADWFMI(JBETAW2)

... AMPWFMI(JBETAW2)

... LOADWRMI(JBETAW2)

... AMPWRMI(JBETAW2)

... LOADWRMI(JBETAW2)

... AMPWRMI(JBETAW2)

... LOADWFM2(JBETAW2)

... AMPWFM2(JBETAW2)

... LOADWFM2(JBETAW2)
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0

1
0

1

0

AMPWFM2 (JBETAWI)

LOADWRM2 (JBETAWI )

AMPWRM2 (JBETAWI )

LOADWRM2 (JBETAWI )

AMPWRM2 (JBETAWI)

• . . AMPWFM2 (JBETAW2)

• . . LOADWRM2 (JBETAW2)

•. . AMPWRM2 (JBETAW2)

• . . LOADWRM2 (JBETAW2)

• . . AMPWRM2 (JBETAW2)
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